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FOREWORD 


The  problem  of  stress-corrosion  cracking  was  identified  by  the  Structures  and  Materials  Panel 
of  AGARD  as  a  major  area  of  concern  to  the  aerospace  industry.  A  Working  Group  on  Stress  Corrosion 
Cracking  was  formed  in  1965  with  a  basic  objective  .o  evaluate  and  disseminate  current  knowledge 
about  the  phenomenon  A  Specialists  meeting  held  in  1966  (recorded  in  AGARD  publication  R-540/1966 
entitled  "Corrosion  of  Aircraft")  and  a  Symposium  held  in  Spring  I9t7  (AGARD  publication  CP-16/1967 
entitled  "Stress -Corrosion  Cracking  in  Aircraft  Structural  Materials")  attracted  leading  personalities 
of  the  NATO  nations  in  the  stress-corrosion  field  and  resulted  in  the  identification  of  two  areas  for 
further  study:- 

1.  The  need  to  survey  and  publish  current  knowledge  about  the  engineering  practices  to  avoid 
stress-corrosion  cracking,  and 

2.  The  need  to  survey  and  publish  current  recommendations  concerning  a  standard  method 
iif  test  for  stress-corrosion  with  particular  emphasis  on  the  generation  of  data  significant 
to  the  designers  of  aerospace  components. 

A  survey  of  NATO  countries  carried  out  in  1968  (AGARD  publication  R- 570/1969)  and  a 
Symposium  held  in  Fall  1969  (AGARD  publication  CP-63/1969)  have  highlighted  those  engineering 
practices  used  to  avoid  stress-corrosion  cracking.  A  similar  survey  conducted  during  1969  (AGARD 
publication  AR-25/1970)  and  a  Specialists  meeting  on  Stress-Corrosion  Testing  Methods  convened 
during  the  33rd  Structures  and  Materials  Panel  Meeting  in  October  1971  (with  proceedings  published 
in  this  AGARD  report)  constitute  the  efforts  of  the  Working  Group  toward  the  3econd  assignment 
mentioned  above. 

The  program  of  this  Specialists  meeting  on  Stress-Corrosion  Testing  Methods  was  prepared 
to  encourage  discussion  of  (a)  tfte  utility  and  significance  of  stress-corrosion  cracking  data  to  current 
engineei  ng  and  design  practices,  (b)  the  progress  being  made  by  NATO  countries  toward  standardiza¬ 
tion  of  test  techniques  for  stress-corrosion  cracking,  and  (c)  those  test  methods  which  might  be 
recommended  as  standard  techniquec  in  the  immediate  future.  Another  import?  nt  purpose  of  the 
meeting  was  to  bring  together  those  key  personnel  from  North  America  and  Europe  who  are  striving 
on  a  voluntary  basis  to  formulate  standard  methods  and  recommended  practices  for  stress-corrosion 
testing.  It  is  expected  that  the  meeting  will  stimulate  the  interchange  of  information  concerning  such 
techniques  and  eventually  lead  to  joint  participation  in  any  cooperative  testing  programs  planned  as  a 
result  of  the  meeting. 

The  opening  lecture  introduces  the  types  and  quality  of  data  which  are  useful  in  design  analysis 
and  the  following  five  papers  describe  the  activities  and  attitudes  of  the  various  corrosion  and  fracture 
committees  in  the  United  States  and  Europe  toward  standardization  of  testing  methods.  The  next 
contribution  summarizes  the  proceedings  of  the  recent  NATO  Sc  ence  Committee  Conference  (April, 

1971)  on  Theory  of  Stress  Corrosion  Cracking  of  Alloys  with  special  reference  to  testing  methods..  The 
remaining  invited  papers  were  solicited  on  the  basis  that  they  provided  new  information  about  stress- 
corrosion  cracking  in  general  and/or  stress -corrosion  testing  methods  in  particular.. 
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ENGINEERING  UTILITY' AND  SIGNIFICANCE 
OF  STRESS  CORROSION  CRACKING  DATA 
W.  E.  Anderson 


BATTELLE 

PACIFIC  NORTHWEST  LABORATORIES 
Richland,  Washington  99352 
USA 


SUMMARY 


An  engineering  design  analyst  traces  through  some  historical  experiences 
with  cracking  and  fracture  problems  to  Indicate  the  significance  of  corrosion 
acting  concomitantly  with  stress.  These  experiences  suggest  a  description 
that  cracks  develop  either  in  "open"  or  "closed"  areas;  i.e.,  either  at  re¬ 
gions  accessible  to  the  ambient  environment  and  direct  view,  or,  at  regions 
which  are  structurally  hidden.  These  latter  regions  can  be  thought  of  as 
"nooks  and  crannies"  having  the  same  geometric  nature  as  cracks  or  crevices. 

Stress  corrosion  cracking  Is,  first,  a  geometric  disruption  of  the 
affected  material;  e.g. ,  by  fretting,  mechanical  damage  like  nicks  and 
scratches,  corrosion  pits  and  Internal  fissures  or  cavities.  Then  follows 
an  expansion  of  the  disrupted  region  into  the  form  of  a  crack,  and,  subse¬ 
quent  enlargement  of  the  crack  border. 

Useful  tests  and  evaluation  methods  now  exist  for  the  structurally 
"open"  problems;  this  permits  reasonable  estimation  of  crack  enlargement 
rates  and  hence  service  performance  for  short-lived  conponents  under  sinple 
loading  and  environmental  experiences.  Similarly  credible  tests  and  methods 
for  longer-lived  Items  or  the  structurally  "closed"  problems  seem  not  yet  in 
hand,  even  for  the  most  elementary  loading  and  environmental  sequencing. 

Such  problems  presently  defy  practical  prediction. 

Lots  of  low-cost,  moderately  accurate  data  from  many  sources  appears  to 
have  more  utility  for  the  analyst  than  limited  amounts  of  very  specific  data. 
Specimen  configurations  and  methods  suitable  for  low-cost  testing  are  ex¬ 
amined  and  "new"  possibilities  suggested. 
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ENGINE ERINS  UTILITY  AND  SIGNIFICANCE  OF  STRESS  CORROSION  CRACKING  DATA 

H.  E.  Anderson 


INTRODUCTION 

Hy  "landmark"  experience  with  ambient-environment  airframe  stress-corrosion  cracking  (SCC)  carre  about 
in  the  late  '50's  as  a  result  of  a  brokan  landing  gear  beam  on  a  transport-type  aircraft.  Figure  1  shows 
the  broken  beam;  Figure  2,  the  fracture  face  region.  The  break  occurred  at  night,  while  the  airplane  was 
quiescent,  having  been  refueled  a  little  earlier,  prior  to  an  intended  early  morning  flight  to  the  customer. 
Rain  had  been  fulling  for  about  two  hours;  th#  first  in  more  than  two  weeks.  Review  of  the  craft's  opera¬ 
tions  showed  that  it  had  been  in  lightweight  /lying  status,  but  that  a  flat  tire  had  been  experienced  two 
weeks  previously  and  iv  was  changed  on  the  field  runway.  There  seemed  to  be  no  question  as  to  the  initia¬ 
ting  structural  defect. 

he  locally  dented  tube  broke  rrom  the  Inside  first,  developing  an  effective  crack  length  of  about  two 
wall-thicknesses  prior  to  the  "wetting"  experience.  The  fracture  toughness  of  this  material  was  estimated 
at  Gc  3  105  lb/:.i.,  whence,  for  the  final  crack  length  indicated  by  the  change  in  rusting,  the  local  bend¬ 
ing  stress  figured  at  about  50,000  psi.  A  check  with  the  geometry  and  load  conditions  at  the  time  provided 
verification  of  this  estimate. 

The  timing  of  this  event  was  important;  we  had  been  accumulating  confidence  in  the  crack-strength- 
analysis  methods  of  Irwin  and  Kies  (1),  who  had  visited  the  company  on  occasion.  Our  work  was  initially 
centered  on  the  damaged-fuselage  problem  (2),  but  the  principles  seemed  generally  useful  for  much  of  the 
high-strength  aircraft  structure.  Relevance  to  fatigue  crack  propagation  occurred  to  Paris  in  1957  (3)  and 
soon  enough  data  was  accumulated  from  new  tests  reported  in  the  literature  (4-7)  to  permit  evaluation  of 
the  scheme;  it  turned  out  that  crack  extension  rate  per  cycle  was  correlated  very  nicely  on  the  basis  of 
the  elastic  stress  field  parameter,  K,  but  it  was  to  be  some  time  before  we  could  get  the  idea  into  pub¬ 
lished  form  (8  and  9).  We  recognized  the  potential  effects  of  env.ronmental  influences  on  cracking  (10), 
and  by  the  April  1959  meeting  on  stress  corrosion  in  Pittsburgh,  wo  v.ere  throughly  ready  to  "see"  the  sig¬ 
nificance  of  wedging-type  corrosion  products  on  SCC  behavior  described  by  Nielsen  (11). 

Meanwhile,  we  had  been  struggling  with  the  "thickness  effect"  on  toughness  of  cracked  aluminum  struc¬ 
tures  (12  and  13)  and  possible  metallurgical  influences  or.  cracking  resistance  generally  (14  and  15).  There 
was  a  lot  to  do. 

Sometime  earlier  we  had  been  having  troubles  with  nigh  strength  steels  and  "static  fatigue."  The  con¬ 
ditions  behind  the  1954  summary  of  B- 36  (Figure  3)  experiences  by  Sachs  (15)  probably  influenced  thinking 
generally  toward  some  method  for  steel  protection  which  didn't  cause  more  trouble  than  it  cured.  Among 
other  means  (like  painting)  there  was  developed  a  "porous  cadmium  plating"  as  a  consequence  of  undesignated 
nocturnal  urea  addition  to  a  plating  sulution. 

The  porous  plating  would  indeed  permit  the  baking-out  of  hydrogen  at  low  temperatures.  After  a  number 
of  uneasy  service  difficulties,  however,  it  became  brutally  clear  that  oxide  of  hydrogen  could  reenter  the 
"pores"  and  serve  as  a  very  efficient  electrolyte  for  the  cadmium-steel  "battery"  at  each  interface-deep 
pore.  The  behavior  was  so  regular  that  we  could  place  a  wet  cotton  wad  on  a  strip  so  plated  and,  under  a 
particular  bending  strain,  could  predict  its  early  failure  time  much  too  accurately  (**,s  had  them  breaking 
at  30  min.  -  5  min.).  The  "fix"  was  to  fill  the  pores  with  a  polymer. 

Zoeller  and  Cohen  (17)  showed  some  of  these  structural  aluminum  and  steel  stress  corrosion  cracking 
problems;  several  of  their  figures  are  reproduced  here  (see  Figures  4,  5  and  6). 

THE  HISTORICAL  PERSPECTIVE 

EARLY  EXPERIENCES 

These  modern  difficulties  took  on  a  different  perspective  when,  in  1963,  I  was  p. 1v,1oged  to  explore 
the  older  engineering  journals  at  Lehigh  University.  Along  with  some  remarkable  descriptions  of  early 
American  steamboating  boiler  explosions  (one  of  wh.ch,  by  Ewbank  (18)  in  1843,  seems  likely  to  have  involved 
stress  corrosion  cracking  of  copper),  there  was  reported  in  1844  by  one  John  M.  Batchelde"  the  "Explosion 
of  Hardened  Steel"  (19).  His  experience  is  portrayed  in  Figure  7,  which  he  explains  this  way,  "...The 
cause  of  the  fracture  is.  probably,  the  same  as  observed  in  the  glass  toy  called  Prince  Rupert's  drops, 
made  by  pouring  melted  glass  into  cold  water;  the  outside  is  suddenly  contracted,  while  the  particles  in 
the  Interior,  cooling  more  gradually,  assume  a  different  crystaline  form,  and  burst  asunder  as  soon  as  the 
cohesion  of  the  external  coating  is  destroytd."  .  'Mew  his  remarks  as  showing  marvelous  insight.; 

Water  storage  tanks  of  iron  and  steel  seemed  susceptible  to  unexpected  failures  unaer  quiescent  <. mdi- 
tions;  let  me  mention  a  few.  The  tank  containing  water  from  "...the  silvery  Tweed..."  whir"  hurst  in 
1867  (20)  was  possibly  due  to  stress-corrosion  aggravated  cracking.  So  also  s>ight  h*/e  br;,.  tr-e  10-3C.  ", 
June  29,  1881  water  tank  failure  at  Cincinnati  (21)..  One  episode  in  the  rather  droll  account  o*  this  event 
is  rendered  in  Figure  3.  Perhaps  the  1904  early  morning  failure  of  the  water  tank  at  Sanford,  Maine, 
stemmed  from  such  crack  aggravating  causes,  too  (22).  I  shall  not  deny  that  triggering  mechanisms  for  such 
accidents  may  have  Included  temperature-differential  stressing  between  the  relatively  warm  interior  and 
coldish  outside  winds,  but  the  influencing  factor  of  corwined  stress  and  corrosion  effects  is  difficult  to 
discard  entirely. 

It  is  even  more  difficult  to  find  any  other  reason  but  stress  corrosion  for  the  unfortunate  cause  of 
failure  in  the  second  attempt  to  span  the  St.  Lawrence  River  with  a  "Quebec  Bridge."  The  dramatic  sequence 
of  events  is  pictured  In  figure  9.  The  truss  was  lo»t  because  a  cast  steel  support  rocker  broke  unexpect¬ 
edly  under  perfectly  quiescent  conditions;  a  view  of  the  rocker  region  is  shewn  in  Figure  10.,  (Reference  23) 


There  were  problems  with  unexiected  fractures  of  manganese  bronze  and  tobin  bronze  bolts  in  the  same 
time  period;  one  was  at  the  Panama  Canal  (24).  An  imaginary  rendering  of  this  difficulty  is  given  in  Figure 
11;  what  else  but  stress-corrosion'  'he  residual  stresses  in  ordance  and  helmets  of  WWI  vintage  caused 
rather  wusual  spontaneous  fractur  *s;  these  were  mentioned  by  Howe  and  Groesbeck  in  1920  (25).  An  attempt 
at  picturing  the  problem  is  shown  in  Figure  12.  During  lunch  break  in  a  1934  German  construction  shop,  a 
freshly  cut  beam  split  open;  Campus  showed  a  picture  of  this  event  (26),  and  it  is  reproduced  here  as  Figure 
13.  Can  these  cracking  mechanisms  be  anything  but  concomitant  action  of  stress  and  environment? 

How  shall  all  these  incidents,  and  accidents  be  described?  What  rationale  might  explain  their  precise 
atomic-level  mechanisms?  These  problems  are  clearly  important  to  the  structural  designer  and  he  must  in¬ 
clude  them  in  his  considerations.  But  how? 

To  this  observer  there  are  two  classes  of  cracxing  problems  depicted  in  these  historical  events.  One 
is  cracking  of  "open"  regions  and  the  other  is  a  class  of  structurally  "closed"  regions.  Whether  the  dis¬ 
tinction  is  fundamental  or  trivial  seems  not  yet  clear.  But  from  this  point  of  view  it  is  easy  for  me  to 
appreciate  the  1930  remarks  on  corrosion  in  aircraft  by  Rawdcn  (27) (referencing  U.R.  Evans’  1927  papers  on 
the  subject),  who  pointed  out  that  the  rate  of  corrosion  in  a  crevice  "...on  the  basis  of  an  oxygen 
concentration-cell  is  often  very  much  greater  than  elsewhere  on  the  same  structure..." 

RECENT  AEROSPACE  EXPERIENCES 


Aircraft  and  their  engines  in  1930  may  have  been  somewhat  less  structurally  complex  than  those  of  to¬ 
day,  but  the  SCC  problem  certainly  didn’t  lessen  with  the  increased  complexity!  Duttweiler  (28)  has  pro¬ 
vided  an  example  of  elevated  temperature  stress  corrosion  in  titanium  alloy.  Originally  blamed  on  fretting 
alor.e  (Figure  14),  the  test  disc  (Figure  15)  caused  the  spin-pit  mess  shown  in  Figure  16.  It  was  later 
found  that  there  was  deposition  of  silver  along  with  the  fretting  shown  at  the  hole,  and  the  assigned  cause 
was  stress  corrosion. 

Typical  structural  problems  in  transport  aviation  were  kindly  outlined  by  Weesner  (29)  in  connection 
with  another  work.  Figures  17-26  are  taken  from  his  offerings.  All  are  traced  to  stress  corrosion  as  the 
initiating  or  crack-extending  phase  of  these  service  problems  with  modern  turbine-powered  airframes.  Other 
survey  work  within  the  industry  (30)  indicated  that  the  corrosion  problem  in  civil  aircraft  generally  was 
not  astonishingly  more  severe  in  overwater  operations  than  overland  operations;  these  figures,  then  may  be 
considered  "typical"  examples. 

A  summary  to  this  point  must  recognize  clear  evidence  of  concern  by  aircraft  structural  designers, 
manufacturers  and  operators  for  the  very  real  problem  of  stress  corrosion  cracking.  Review  of  the  figures 
presented  suggests  classification  of  the  experiences  into  "open"  problems,  where  the  influencing  environment 
can  readily  reach  the  affected  area,  and  Into  "closed"  problems  where  the  cracking  is  initially  "hidden"  by 
fasteners  and  faying  surfaces  of  other  structural  components. 

Two  of  the  documented  cases  reproduced  here  were  obviously  associated  with  fretting  as  the  causative 
factor  In  geometric  disruption  of  the  affected  material  surface.  The  writer  interjects  personal  views  he 
believes  are  correct  that  other  forms  of  disruption  are  similarly  effective,  e.g.  corrosion  pits,  inter- 
metallics,  atomic  structure  voids  and  plain  old  mechanical  damage.  Furthermore,  the  view  is  held  that  if 
either  the  stress  or  the  causative  environment  were  absent  from  the  affected  region,  the  cracking  process 
would  be  significantly  retarded  or  altogether  voidr-i. 

ACTUAL  CONDITIONS  AND  THE  TESTS  HE  USE  TO  MODEL  THEM 


AN  UPPER  WING  SKIN 


An  example  of  the  structural  loads  experience  of  an  airplane  component  may  help  point  out  what  I  regard 
as  real-life  complexity  of  the  SCC  problem.  Consider  a  certain  portion  of  the  upper  wing  skin  on  a  conven¬ 
tional  civil  transport  aircraft.  Figure  27  depicts  an  "average"  day’s  experience;  it  is  important  to  note 
that  about  two- thirds  of  the  load-time  history  is  tensile. 

Local  residual  stresses,  somewhere  in  this  region,  may  very  well  be  nearly  at  yield.  As  the  nominal 
stress  level  fluctuates  from  positive  to  negative,  it  can  be  assumed  that  this  local  region  will  experience 
the  same  range  of  fluctuations,  but  with  an  elevated  mean. 

A  simplified  representation,  in  real  time,  of  the  diurnal  loads  experience  is  shown  in  Fiqure  28.  nth 
the  nominal  stresses  at  some  region  and  the  likely  stresses  at  some  other  (residually  stressed)  region,  ate 
depicted  as  the  approximated  service  cycles  occur.  This  representation  is  probably  the  most  elementary  form 
of  stress  corrosion  load-time  cycling  which  would  be  credible  to  design  analysts  like  me.  It  appears  I 
shall  have  to  resort  to  ad  hoc  approximations  of  the  "worst  likely"  services  experiences  until  something 
along  the  lines  of  "Miner’s  Law"  is  established  for  SCC.;  I  am  heartened  at  the  progress  along  tl.ese  lines 
(31  and  32). 

The  loading  problem  of  Figure  28  emphasizes  to  me  the  need  for  considering  the  conjoint  action  of  SCC 
and  fatigue.  I  know  that  fatigue  cracks  as  small  as  0.1  mm  seem  to  behave  as  the  larger  ones  when  they  are 
defined  by  the  stress  field  parameter  concept  (33),  and  providing  the  plastic  zone  surrounding  the  crack 
border  is  small  compared  to  the  minor  crack  dimension.  If  the  residual  stress  maximum  of  440  rtN/nr  is  con¬ 
sidered  in  this  light,  the  case  of  a  crack  0.1  mm  deep  is  associated  with  a  plastic  zone  only  a  few  times 
smaller  than  the  crack  depth.  However,  for  the  nominal  condition  of  a  stress  maximum  at  125  MN/nr,  the 
plastic  zone  is  about  1/40  the  minor  crack  dimension  of  10_<,m.  But  whether  these  cracks  might  or  might  not 
behave  in  a  manner  described  by  the  stress-fieid-parameters  concept,  they  are  real  problems  because  defects 
like  intermetal  lies  as  well  as  mecnanical  damage  or  corrosion  pits  0.1  mm  deep  may  occasionally  be  found.. 

It  is  clear  that  concern  for  their  effects  on  structure  needs  careful  attention.; 

Figure  29  is  presented  at  a  scale  of  interest.  The  stress  corrosion  cracking  data  are  from  Hyatt  (34), 
and  the  fatigue  cracking  rates  are  estimated  from  the  literature  for  the  short-transverse  grain  direction,- 


1-3 


Both  conditions  are  assumed  to  be  "worst-likely"  circumstances  which  might  arise  In  civil  transport  service. 
At  the  nominal  condition,  maximum  Ki  *2.5  HNxf3/2,  and  the  7079-T651  short-transverse  plate  exhibits 
stress  corrosion  cracking  rates  of  10's  om/sec;  about  1  mm  per  dayl  If  the  condition  of  8.8  MN*m”3/2  arose, 
the  cracking  rate  could  exceed  one  mllliiaetler  per  haurl 

On  the  basis  of  five  cycles  per  day,  the  cracking  {due  to  cycling  loads  only)  might  range  from  about 
10*3  mm/day  to  some  very  much  lower  value.  Using  this  comparison  then,  it  can  be  seen  that  mechanical 
cycling  alone  is  several  orders  of  magnitude  less  serious  than  the  worst  stress  corrosion  cracking.  What 
is  not  clear  is  how  the  two  might  interact  If  the  two  conditions  were  to  be  imposed  simultaneously,  as  they 
could  very  well  be  in  practice. 

Consideration  of  the  upper  wing  skin  example  should  demonstrate  that  not  only  is  it  important  to  have 
a  measure  of  static-load  stress-corrosion  cracking  resistance,  but  also  it  is  necessary  to  have  an  evalua¬ 
tion  of  the  combined  effects  of  load-cyclinq  and  environment.  In  the  present  case,  the  other  realities  of 
temperature  and  pressure  have  not  been  implicated.  At  some  tine  these  must  be  considered  as  part  of  the 
total  environmental  and  load  sequencing  variations.  Frcm  the  sheer  immensity  of  this  problem  it  is  easy  to 
appreciate  why  civil  aircraft  designers  make  very  real  attempts  to  provide  structures  that  can  safely  con¬ 
tain  large  amounts  of  cracking  damage. 

Before  continuing  to  specific  specimen  testing  remarks,  consider  Figure  29  again.  Two  other  abscissa 
scales  besides  cracking  rates  in  millimeters  are  shown.  The  aluminum  unit  cell  is  considered  to  be  aLout 
4  A  across,  and  requires  the  separation  of  three  atomic  bonds  per  unit  cell  for  complete  fracture  (if  the 
process  can  be  averaged  for  one  unit  cell  thickness).  At  the  lower  stress-corrosion  cracking  rates  of  a 
few  unit  cells  per  second  or  slower,  each  atom  has  the  opportunity  to  vibrate  1010  or  more  times  before  a 
bond  is  broken.  As  the  cracking  speeds  reach  that  of  brittle  fracture,  the  atoms  have  the  chance  for  only 
about  one  vibration  before  breaking  apart.  This  kind  of  information  is  not  only  interesting  to  me,  but  I 
feel  I  gain  some  "perspective"  from  It. 

TESTS 


Conventional  SCC  test  methods  have  not  correlated  well  with  actual  cracking  behavior  of  structures. 

For  example,  conventional  testing  (Figure  30 ) ( 35 )  failed  to  identify  the  unusual  cracking  rates  of  7079 
aluminum  alloy.  Is  it  possible  that  the  SCC  crack  tip  is  sometimes  blunted?  That's  suggested  by  Figure  31, 
from  Creager  and  Paris  (36),  who  referenced  Mulherin's  work.  However,  regardless  of  the  details,  the  domi¬ 
nant  message  of  experience  is  that  SCC  testing  must  take  on  broader  dimensions  than  the  important  but  Incom¬ 
plete  story  told  by  600  seconds  of  inversion  in  3.5X  NaCl  solution  followed  by  3000  seconds  out  of  it. 

Harking  back  to  the  upper  wing  skin  and  the  stress  history  of  Figure  27,  one  of  the  most  apparent  needs 
is  for  tests  which  Include  various  cycles  of  hold-time.  The  results  of  some  of  our  own  experimentation  in 
this  area  are  shown  in  Figures  32a  and  32b  (37).  Altogether  the  combined  fatigue  and  environment  effects 
may  be  described  as  shown  in  Tigure  33.  It  appears  that  some  materials  behave  as  "A",  and  others  as  "B". 
Perhaps  this  generalization  is  broadly  true  and  perhaps  some  of  you  can  say  why  and  under  what  conditions 
the  observed  behavior  will  occur.  But  to  get  quantitative  behavior  numerous  experiments  are  needed  to  find 
which  are  the  "A's"  and  which  are  the  "B's".  We  are  trying  to  make  these  "timed-hold"  tests  in  the  simplest, 
least  costly  but  credible  apparatus  we  can  conjure  up.  At  the  present  time  our  cycling  hydraulics  (38)  are 
off-the-shelf  items  arranged  as  shown  in  Figure  34. 

TEST  SPECIMENS 


Part  of  the  course  in  "new"  SCC  developments  may  be  guided  by  the  specimen  configuration.  Different 
specimens  can  provide  different  kinds  of  useful  data.  Smith  and  Piper  (39)  summarized  many  of  these.  Figure 
35;  for  some  of  these,  the  crack-tip  stress  field  intensity  varies  with  crack  length  as  shown  in  Figures  36 
and  37. 

There  are  at  least  two  additional  specimen  types  which  may  prove  of  value  In  SCC  testing,  Figure  38; 
they  cause  variation  with  crack  length  as  shown.  All  the  selected  examoles  are  compared  in  Figure  39. 

Both  the  ring  specimen  and  (certain  configurations  of)  the  wedge-loaded  center-hole  specimen  have  the 
Interesting  property  of  an  increasing,  then  decreasing,  crack-tip  stress  field  as  the  crack  extends.  Such 
behavior  may  be  particularly  useful  for  obtaining  several  Items  of  crack-resisting  data  fiom  one  test. 

This  possibility  is  illustrated  in  Figure  40. 

NEW  TEST  SPECIMENS 


Between  the  foregoing  several  specimen  types  there  may  be  sufficient  diversity  to  meet  most  practical 
problems  of  SCC  material  testing.  However,  further  refinements  for  structural  testing  can  be  suggested. 

An  adaptation  of  the  center-hole  rectangular-perimeter  design  is  illustrated  in  Figure-  41.  Pressing 
the  boundaries  of  this  specimen  will  cause  the  hole  wall  to  yield  in  compression.  Following  load  removal, 
the  yielded  region  will  be  in  residual  tension.  The  specimen  is  now  self-stressed,  and  may  be  subjected  to 
appropriate  environments..  Building  on  this  approach,  representative  faying  materials  and  fasteners  may  be 
affixed  to  provide  representative  crevices.  This  scheme  might  prove  well-suited  to  temperature  and  pressure 
cycling  patterns  of  real  aircraft  structures,  T.ie  specimens  are  inexpensive  and  can  be  destructively  sec¬ 
tioned  as  needed. 

With  just  a  little  more  imagination  we  can  doubtless  "invent"  ot"nr  tests  that  are  both  inexpensive 
and  credible  to  the  likes  of  me.  There  is  still  a  lot  to  do. 

CONCLUDING  REMARKS 

The  problem  of  SCC  in  aircraft  structures  has  been  reviewed,  as  I  see  ’t,  using  an  historical  approach 
that  I  have  found  helpful.  The  inportant  point  is  that  SCC  problems  are  still  very  much  with  us,  and  the 
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total  "ecology  of  the  crack"  Is  a  very  comp1 ex  Inter-relationship  between  loads,  load-cycles,  chemical 
Interactions  of  the  structure  with  the  environment ,  and  normally  occurring  abuse  In  service. 

1  have  intended  to  point  up  the  need  for  further  attention  to  realistic  mode'lnq  of  the  complex  param¬ 
eters  affecting  real  structures  In  the  tests  we  choose  to  apply  to  materials.  1 1  this  respect,  we  have  come 
full  cycle  to  a  return  to  the  original  sense  of  the  word  "test",  which  means  to  abuse  a  material  or  struc¬ 
ture  sufficiently  well  that  Its  satisfactory  behavior  means  we  can  use  It  for  Its  Intended  purpose  with  con¬ 
fidence  that  it  will  perform  its  function  safely  and  economically. 

The  essential  contributions  of  pnysiclsts,  metallurgists,  and  chemists  and  the  crucial  contributions 
of  traditional  testing  must  continue.  These  contrlt  -ions  have  been  and  will  surely  remain  invaluable. 
However,  I  believe  there  is  a  trend  toward  more  conp'ere  modeling  of  actual  service  conditions  In  SCC  test¬ 
ing,  and  1  look  forward  with  great  hope  and  anticipation  to  substantial  orogress  In  coping  with  these  fail¬ 
ure  mechanisms  over  the  next  decade.  It  distresses  me  to  think  that  I  might  someday  become  a  victim  of  SCC 
and  have  to  petition  a  city,  somewhere,  to  get  back  ny  fee  for  a  car  wash,  like  Mr,  Reid  of  Seattle  (Figure 
42)  (431. 
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A-e  of  the  smallest  dollar-amount  ordinances  to  clear  through  City  Council  for  many  years  was  a 
recer,  claim  payment  for  $2.25  to  reimburse  Floyd  H.  Reid,  8561  30th  Ave.  N.W.,  for  a  car  wash. 
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The  Seattle  Times,  Washington,  Nov.  6,  1966. 
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SUMMARY 


Subcommittee  6  of  ASTM  Comnittee  G-l  on  the  Corrosion  of 
Metals  is  responsible  for  developing  standard  test  methods  for 
stress  corrosion  testing.  The  ASTM  is  a  voluntary,  democratic 
organization  of  consumers,  producers  and  persons  with  a  general 
interest  in  test  standardization.  The  Subcoomittee  is  divided 
into  four  sections:  1)  Smooth  specimens  and  test  jigs;  2)  Test 
environments  and  specific  material  tests;  3)  Corrosion  fntigue; 
and,  4)  Precracked  specimens.  Under  the  sections,  task  groups 
carry  out  the  work  of  writing  recommended  practices  and  stan¬ 
dard  test  methods.  These  are  then  voted  upon  at  the  Subcommittee, 
Committee  and  Society  level.  Some  practices  that  are  currently 
being  balloted  are:  C-ring  specimen,  Bent  beam  specimen,  U-bend 
specimen,  direct  tension  specimen,  boiling  magnesium  chloride 
test,  polythionic  acid  test,  and  the  3.5%  sodium  chloride  alter¬ 
nate  immersion  test.  Among  the  precracked  specimen  types  that 
are  being  developed  are:  the  wedge  opening  load  specimen,  the 
double  cantilever  beam  specimen,  and  the  single  cantilever  beam 
specimen . 


2-1 

PROGRESS  TOWARD  STANDARDIZATION  OF 
SCC  TEST  TECHNIQUES  BY  THE 
AMERICAN  SOCIETY  FOR  TESTING  AND  MATERIALS 

H.  Lee  Craig,  Jr. 


Stress  corrosion  is  a  plague  of  modem  industrial  society.  It  is  a  problem  for  the 
basic  materials  producer,  the  designer,  the  manufacturer,  and  eventually,  the  user  who 
must  maintain  and  service  the  complex  structures  that  are  aircraft,  missiles,  rockets  in 
the  latter  half  of  the  twentieth  century.  Even  the  scientist  who  studies  the  phenomenon 
is  perennially  confounded  by  the  marriage  of  mechanics,  electrochemistry  and  metallurgy 
that  form  the  basis  for  understanding  stress  corrosion  as  a  scientific  discipline.  No 
less  troubled  is  the  engineer  who  must  deal  with  stress  corrosion  as  one  of  the  many  fac¬ 
ets  which  come  with  modern,  high  strength  materials.  When  the  standard  engineering  answer 
is,  "Test  it",  the  problem  then  becomes  one  of  "which  test"  and  "what  do  these  results 
mean". 

This,  then  is  tie  conundrum  that  the  Subcommittee  G.01.06  lias  set  out  to  solve  with¬ 
in  the  framework  of  the  voluntary,  cooperative  group  of  industrial,  government  and  acade¬ 
mic  interests  known  as  the  American  Society  for  Testing  and  Materials.  In  a  world  market¬ 
place  where  there  exists  side  by  side  all  shades  of  economic  systems,  in  addressing  this 
group,  I  feel  it  is  necessary  to  stress  the  two  adjectives  I  have  used  above:  voluntary 
and  cooperative.  The  ASTM  is  not  associated  with  the  United  States  government,  other 
than  having  received  a  charter  from  its  Congress.  Neither  is  if  a  professional  organiza¬ 
tion,  dedicated  to  the  advancement  of  some  engineering  branch.  Rather,  it  is  a  body  of 
persons  representing  various  groups  of  our  industrial  society  who  have  voluntarily  come 
together  to  use  the  methods  of  science  and  engineering  to  achieve  a  common  goal.  When 
there  exists  a  conmunity  of  interests  on  a  given  subject,  a  Committee  is  formed  to  con¬ 
cern  itself  with  that  subject.  Experts  and  others  with  a  strong  interest  in  the  subject 
are  invited  to  join,  and  make  up  the  membership  of  the  Committee.  It  is  then  that  the 
cooperation  among  these  persons  provides  the  activity  wh^ch  ultimately  results  in  pub¬ 
lished  Standards,  Symposia,  Data  and  other  salable  items  from  which  the  Society  derives 
its  income,  in  part,  to  support  the  cadre  of  headquarters  personnel. 

When  the  ASTM  publishes  a  Standard,  it  is  strictly  a  voluntary  compliance  that  is 
sought.  Because  of  the  rigor  and  thoroughness  with  which  these  Standards  are  compiled, 
they  are  seldom  questioned  and  have  been  accepted  in  courts  of  law  as  representing  the 
last  word,  similar  to  the  expert  testimony  of  professional  men  such  as  doctors  and  engi¬ 
neers.  ASTM  standards  may  be  incorporated  into  government  specifications  or  those  used 
by  industry  as  a  basis  for  purchase  agreements. 

In  this  paper  I  plan  to  give  the  background  of  the  formation  of  our  Subcommittee, 
some  of  its  accomplishments  and  the  way  these  were  brought  about,  and  some  of  the  pro¬ 
blems  we  plan  to  face  in  the  near  future.  I  will  also  discuss  our  relations  with  other 
societies,  both  on  the  national  and  international  level. 

Subcommittee  G.01.06  was  formed  when  the  parent  Committee  G-l  was  established  in 
1964.  Prior  to  that  time,  corrosion  problems  were  handled  within  the  different  materials 
committees,  stSch  as  A-l,  A-5  and  A-10  on  ferrous  metals  or  R-1'  on  corrosion  of  non-ferrous 
metals.  The  shifting  of  all  corrosion  activities  into  a  single  committee  recognized  the 
value  of  having  all  experts  in  the  field  of  corrosion  coming  together  at  one  time  to  dis¬ 
cuss  their  mutual  problems.  This  Committee  is  one  of  the  largest  within  ASTM,  having 
over  300  members,  with  an  active  program  of  symposia,  special  technical  publications, 
meetings  and  the  promulgation  of  standards.  The  various  subcommittees  deal  with  the 
types  of  corrosion  commonly  met,  such  as  atmospheric,  marine,  soil,  the  phenomena,  for 
example,  stress  corrosion  or  galvanic  corrosion,  oi  means  of  studying  corrosion,  includ¬ 
ing  laboratory  tests,  electrochemical  methods  or  in  plant  tests.  The  present  organize* 
tion  of  the  committee  is  shown  in  Figure  1. 

Subcommittee  6  has  over  100  members.  Such  a  large  number  made  it  desirable  to 
divide  the  effort  into  more  narrow  areas  of  interest.  Therefore,  four  sections  were 
formed:  Section  1,  Smooth  specimens  and  test  jigs;  Section  2,  Test  environments  and 
specific  material  tests;  Section  3,  Corrosion  fatigue;  and  Section  4,  Precracked  speci¬ 
mens.  This  arrangement  provides  the  permanent  framework  by  which  the  committee  functions. 
On  the  other  hand,  the  working  of  the  committee  is  carried  on  by  Task  Groups.  A  task 
group  is  established  to  solve  a  single  problem  or  investigate  a  single  point,  as  opposed 
to  a  Section  and  Subconmittea,  which  has  an  area  of  interest.  Consequently,  when  the 
work  of  a  task  group  is  completed,  it  is  discharged.  The  Section,  Subcommittee,  and 
Committee  continue  to  function  as  long  as  they  hold  meetings  and  conduct  such  business 
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as  they  find  appropriate.  Normally,  as  talk  groups  are  discharged,  new  ones  are  formed, 
with  ever  changing  membership,  depending  on  the  nature  of  the  problem  to  be  handled. 

Thus  the  work  of  the  Subcommittee  continues.  When  a  Standard  is  adopted  by  the  Society, 
the  Committee  that  sponsored  it  remains  responsible  for  it,  and  must  review  each  Standard 
at  least  once  every  five  years. 

The  adoption  of  a  Standard  follows  the  structure  described  above,  but  in  inverse 
order.  Problems  are  brought  to  the  attention  of  the  Subcommittee  or  Section.  The  members 
vote  to  establish  a  task  group.  This  task  group  meets  and  redefines  the  problem,  and 
starts  a  program  which  will  lead  to  a  solution.  The  program,  in  its  fullest  extent,  may 
involve  a  literature  survey,  holding  a  symposium,  circulating  a  questionnaire,  discussion 
of  these  results,  selection  of  -me  or  more  promising  methods  of  test.  Drafts  are  prepared 
and  circulated  to  task  group  members  and  others  invited  to  comment  because  of  their  spe¬ 
cial  knowledge.  Usually,  drafts  undergo  several  revisions.  Sometimes  alternative  methods 
are  found.  Then,  round  robin  tests  are  performed  to  determine  the  relative  merit  of  each 
procedure.  Finally,  a  proposed  standard  method  is  drawn  up.  This  is  submitted  for  bal¬ 
loting  by  the  entire  subcoamittee.  In  order  to  become  official,  a  standard  must  receive 
the  approval  of  at  least  90%  of  those  voting  affirmatively  or  negatively.  A  ballot  may 
be  returned,  marked,  "Not  Voting".  This  is  an  important  point,  for  in  order  for  a  vote 
to  count,  at  least  60%  of  the  ballots  must  be  returned.  Negative  ballots  must  be  accom¬ 
panied  by  a  statement  giving  reasons  for  this  action.  These  objections  are  reviewed  by 
the  Subcoamittee,  and  evidence  that  each  negative  has  been  carefully  considered  and  the 
objections  met  must  be  presented  to  the  main  Conmittee  in  the  report  of  the  balloting. 

The  standard  is  then  balloted  by  the  entire  Committee  following  the  same  rules  as  above. 
Thereafter,  the  standard  is  forwarded  for  approval  by  t>e  Society,  either  by  an  affirma¬ 
tive  vote  of  two-thirds  of  the  members  voting  at  the  Annual  Meeting,  or  by  the  return  of 
at  least  25  letter  ballots  with  a  90%  affirmative  vote. 

I  have  been  asked  to  explain  the  reasons  behind  the  way  we  h'ive  approached  the  sub¬ 
ject  of  stress  corrosion  test  standardization.  As  was  mentioned  above,  G-l  was  formed 
largely  from  Committee  B-3.  That  committee  had  a  subcommittee,  number  ten,  devoted  to 
stress  corrosion.  Fred  Reinhart  was  its  first  chairman,  and  I  became  its  second  chair¬ 
man  when  Fred  resigned.  It  seemed  logical  to  us  to  first  divide  the  subcommittee  into 
three  task  grouos,  with  the  objective  of  determining  the  state-of-the-art  of  each  sub¬ 
ject  area.  From  these  state-of-the-art  reports  would  come  information  as  to  whether 
standards  or  recommended  practices  could  be  written  from  knowledge  in  hand,  or  perhaps, 
some  further,  cooperative  research  needed  to  ba  done. 

These  task  groups  were  as  follows: 

TG  1  -  Stress  Corrosion  Testing  Methods  -  S.  J.  Ketcham, 

Chairman 

TG  2  -  Stress  Corrosion  Environments  and 

Test  Durations  -  H.  B.  Romans, 

Chairman 

TG  3  -  Evaluating  and  Reporting  Stress 

Corrosion  Results  -  D.  0.  Sprowls, 

Chairman 

At  this  time,  the  nonferrous  industry  supplied  many  of  the  officers  and  chairman,  simply 
because  B-3  was  a  nonferrous  metals  conmittee.  When  the  change  was  made  to  a  G  classifi¬ 
cation  conmittee,  we  added  an  excellent  and  dedicated  group  of  specialists  from  the  fer¬ 
rous  industry,  many  of  whom  occupy  positions  of  leadership  at  the  present  time. 

Two  important  Task  Groups  were  soon  added,  one  on  Nomenclature  and  the  other,  as 
sponsor  for  a  Symposium  on  Stress  Corrosion  Testing.  One  of  the  most  important  functions 
of  ASTM  is  to  publish  lists  of  definitions  in  the  technical  fields  it  covers.  Our  Nomen¬ 
clature  Task  Group,  under  the  splendid  leadership  of  Floyd  Brown,  wrestled  for  many  ses¬ 
sions  with  the  concepts  and  assumptions  that  go  into  defining  the  phenomenon  of  stress 
corrosion,  hydrogen  embrittlement  and  many  other  basic  terms.  These  were  forwarded  to 
the  Subcommittee  on  Nomenclature,  which  has  the  responsibility  for  gaining  Society  approv¬ 
al  for  the  definitions  of  terms  commonly  or  uniquely  used  in  corrosion.  Presently,  there 
is  no  Nomenclature  task  group  with  Sub  6,  but  rather,  any  task  group  working  in  a  problem 
area  and  needing  a  definition,  must  develop  one  and  submit  it  to  Sub  2  and  G-l  for 
approval. 

Another  ASTM  function  is  to  hold  Symposia  on  topics  of  current  interest,  bringing 
together  all  those  in  the  Society  who  have  contributions  to  make  and  inviting  persons 
outuide  the  Society  to  present  their  work.  In  the  mid  Sixties,  stress  corrosion  was 
being  actively  researched  by  many  groups.  Thus  a  task  group  to  sponsor  a  symposium  was 
established,  anu  at  the  June  1966  annual  meeting,  a  two-day,  (four  session)  symposium  wab 
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held,  with  thirty  paper*,  plus  a  working  session  during  the  subcomnittee  meeting  at  which 
three  papers  were  presented  which  were  received  too  late  for  inclusion  in  the  formal 
symposiun.  The  AS1M  then  published  the  book.  Special  Technical  Publication  425,  Stress 
Corrosion  Testing,  with  most  of  the  papers  from  the  symposiun.  Included  in  tills  volume 
were  reports  of  the  first  three  task  groups,  listed  above.  With  the  publication  of  these 
reports,  the  task  groups  were  discharged.  This  represented  not  the  end  of  the  work,  but 
merely  the  beginning,  for  the  task  groups  were  each  charged  with  determining  the  state- 
of-the-art  in  their  subject  and  recommending  appropriate  action  for  our  Subcomnittee  to 
take.  The  large  number  of  test  specimens  found  in  the  literature,  their  lack  of  standard¬ 
ization,  the  many  test  environments  used  by  different  laboratories,  and  the  several  methods 
of  test  reporting  led  to  the  conclusion  that  a  very  large  task  lay  in  front  of  us,  indeed, 
to  bring  any  semblance  of  standardization  to  this  subject. 

At  this  point  it  was  decided  to  establish  sections  within  the  subcomnittee.  They 

were: 

Section  1  -  Test  Specimens  and  Loading  Equipment 
D.  0.  Sprouls,  Chairman 

Section  2  -  Test  Environments 

D.  S.  Neill,  Chairman 

Section  3  -  Corrosion  Fatigue 

No  Chairman  at  Present 

Section  4  -  Precracked  Test  Specimens 
D.  E.  Piper,  Chairman 

Sections  1  and  2  were  the  natural  extensions  of  the  original  two  task  groups.  Sec¬ 
tion  1  is  limited  to  what  are  termed  "Smooth"  specimens,  as  opposed  to  the  precracked 
variety  which  were  introduced  in  the  mid-sixties  for  stress  corrosion  testing.  Thus  Sec¬ 
tion  4  was  established  to  promulgate  recommended  practices  for  making  and  using  the  pre¬ 
cracked  specimens.  Th«.  parent  committee  assigned  us  the  area  of  corrosion  fatigue,  but 
to  date,  very  little  in:erest  in  this  subject  has  been  found  among  our  members. 

Section  1  has  had  the  following  task  groups: 

Task  Group  3  -  C-Rings  -  D.  0.  Sprowls,  Chairman 
Task  Group  4  -  U- Bends  -  M.  Henthorne,  Chairman 
Task  Group  5  -  Bent  Beams  -  A.  W.  Loginow,  Chairman 
Task  Group  6  -  Tensile  Specimens  -  E.  G.  Haney,  Chairman 
Task  Group  -  Weldments 

Each  of  these  groups  has  decided  that  it  would  be  impractical  to  specify  a  single 
configuration,  size  or  material  for  each  class  of  specimen,  so  they  have  written,  "Recom¬ 
mended  Practices".  The  difference  between  a  Recommended  Practice  and  a  Standard  in  this 
instance  is  that  some  choice  is  left  to  the  user  in  the  selection  of  values  for  parameters 
such  as  thickness,  length,  or  diameter.  However,  guidelines  are  set  down  where  it  is  felt 
appropriate,  for  ratios  of  gauge  to  length,  for  instance. 

As  an  example  of  the  ASTM  method  at  work,  let  us  look  at  the  steps  which  formed  the 
basis  for  the  C-Ring  Recommended  Practice.  Task  Group  1  prepared  a  state-of-the-art  re¬ 
port  on  test  specimens.  Using  the  combined  knowledge  of  the  task  group  members,  plus 
literature  searching,  a  report  was  assembled  which  listed  the  following  specimen  types 
which  appeared  to  be  in  use  in  more  than  one  laboratory.  (The  "more-than-one-laboratory" 
criterion  is  often  a  convenient  way  to  begin  to  eliminate  many  methods  when  looking  for  a 
standard  test  procedure.  This  automatically  provides  you  with  several  persons  who  qua¬ 
lify  by  reason  of  familiarity  as  experts  on  a  given  method  or  specimen,  in  this  case.) 

Bent  Beam  Specimen  (Constant  Deflection) 

Tension  Specimens  (Constant  Deflection  or  Constant  Load) 

C-Ring  Specimen  (including  tuning  fork  specimen.) 

Sheet-Type  Preform  Specimen 
Welded  Beam  Assemblies 
Interference  Ring  Specimen 
Tubing  Specimen 
U-Bend  Specimen 
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At  Che  same  time,  a  cask  group  was  being  formed  to  study  aluminum  alloy  7039.  This 
cask  group  selected  the  C-Ring  specimen  as  the  most  desirable  one  to  test  thick  armor 
plate  in  the  short  transverse  direction.  There  were  five  laboratories  actively  engaged 
in  using  large  quantities  of  C- Rings  for  quality  control  testing  of  armor  plate  pro¬ 
duction. 

As  a  result  of  these  circumstances.  Section  1  found  that  the  largest  body  of  active 
interest  available  dealt  with  C- Rings,  and  therefore  established  Task  Group  3.  (The 
numbers  1  and  2  were  not  used  to  avoid  confusion  with  the  original  still  active  Subcom¬ 
mittee  task  groups  as  their  reports  had  not  yet  been  published,  and  they  were  not  yet 
discharged). 

The  chairman  wrote  a  draft  of  a  recommended  practice  for  making  and  using  C-Ring 
specimens.  This  was  based  on  earlier  documents  that  had  been  circulated  among  the  five 
laboratories  'ising  C-Rings  which  participated  in  a  round  robin  test  of  7039  alloy.  This 
draft  was  circulated  to  the  task  group  members  and  to  other  persons  who  were  considered 
to  have  an  interest  in  this  type  of  specimen. 

A  deadline  was  set  for  the  receipt  of  written  cooments,  and  after  these  had  been 
received  the  chairman  rewrote  his  first  draft,  making  a  second  draft  which  incorporated 
the  comments  of  the  task  group  members.  The  time  interval  usually  encompassed  one  or 
more  meetings  of  the  ASTM,  which  holds  an  annual  meeting  and  a  committee  week,  six  months 
later.  At  these  times  the  task  group  members  meet  face  to  face  and  discuss  the  written 
drafts  at  length,  deciding  if  there  is  need  for  any  experimental  work  to  solve  points  at 
issue  which  are  not  agreed  upon  by  the  group.  For  instance,  in  the  C-ring  method  it  is 
left  to  the  user  to  decide  the  surface  preparation  appropriate  to  his  material,  so  no 
attempt  is  made  to  be  specific  in  this  area.  On  the  other  hand,  the  ratio  of  wall  thick¬ 
ness  to  diameter  of  the  ring  is  specified,  within  limits,  since  this  parameter  has  an 
effect  on  the  precision  of  the  stress  determination,  for  all  .  aterials. 

The  user  is  referred  to  other  ASTM  recommended  practices  for  corrosive  environments, 
such  as  the  3  1/2%  sodium  chloride  solution-alternate  immersion  method.  In  this  manner, 
the  user  can  select  any  one  of  a  number  of  ASTM  specimen  methods.  Usually  choosing  one 
which  is  most  appropriate  to  his  material  and  form  (sheet,  plate,  tubing  and  so  on)  and 
combine  it  with  one  of  the  ASTM  environment  methods,  that  suits  his  needs,  (For  instance, 
the  boiling  42%  magnesium  chloride  solution  used  with  stainless  steels). 

When  the  task  group  is  satisfied  with  a  draft  of  the  document,  it  is  agreed  to  sub¬ 
mit  it  to  the  Section  for  a  vote.  If  the  Section  approves  the  work,  then  the  document 
is  reported  to  the  Subcommittee  as  being  ready  for  letter  ballot.  The  Subcommittee  then 
mails  out  a  copy  of  the  document  to  each  member  with  a  ballot.  In  order  for  a  vote  to 
be  validated,  60%  of  the  ballots  mailed  must  be  retumeo,  marked  either  affirmative, 
negative,  or  not  voting.  As  stated  above,  at  least  90%  of  the  total  affirmative  and 
negative  votes  must  be  affirmative  to  proceed. 

If  this  be  the  case,  as  it  was  in  the  instance  of  the  C-ring  method,  then  the  task 
group  chairman  proceeds  to  resolve  the  negative  votes.  Many  times  the  points  raised  are 
changes  accepted  by  the  task  group,  as  they  had  overlooked  some  facet  which  all  concerned 
recognized  to  be  valid.  Occasionally,  an  objection  may  be  raised  which  a  majority  of  the 
task  group  feels  is  not  sustained.  In  this  case,  a  formal  vote  is  taken  and  recorded. 

The  person  who  voted  negatively  is  informed  of  the  action.  When  the  results  of  the  vote 
are  presented  back  to  the  Subcommittee,  all  negatives  are  reported  and  the  way  that  they 
were  resolved  is  giver  in  enough  detail  so  that  the  Subcommittee  can  decide  for  itself 
if  the  vote  to  override  an  objection  was  valid  or  not. 

This  was  the  case  in  the  C-ring  voting,  so  the  Subcommittee  voted  to  forward  the 
method  to  the  entire  G-l  committee  for  ballot.  The  above  procedure  is  repented  once 
again,  with  the  larger  group.  The  C-ring  method  is  currently  at  this  stage  today.  As¬ 
suming  no  valid  objections  will  be  received,  the  Committee  will  forward  thn  document  for 
approval  by  the  entire  Society.  Once  this  approval  is  obtained,  the  recommended  practice 
will  be  published  in  the  Book  of  Standards.  It  will  remain  active  unless  action  is  taken 
against  it.  Every  five  years  the  Subcommittee  will  be  asked  to  ballot  the  desirability 
of  continuing  the  method.  In  this  way,  methods  which  fall  into  disuse  are  removed  from 
the  Book  of  Standards,  when  they  no  longer  meet  with  the  approval  of  the  Subconmittee 
which  promulgated  them. 

As  I  mentioned  earlier,  this  particular  practice  was  believed  to  be  so  well  esta¬ 
blished  by  usage  among  the  several  laboratories  whose  representatives  comprised  the  task 
group,  that  no  round  robin  or  other  laboratory  testing  stage  was  needed.  If  the  publi¬ 
cation  of  the  method  as  a  standard  promotes  wider  use  of  the  C-ring,  then,  users  may 
come  up  with  alterations  or  improvements.  These  can  be  incorporated  into  the  document 
with  the  periodic  revisions  noted  above. 
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To  complete  my  report  on  the  status  of  Section  1,  the  U-bend  method  is  also  being 
balloted  by  G-l.  The  bent-beam  method  was  slightly  delayed  by  one  member  of  the  Sub¬ 
committee,  who  shall  remain  anonymous,  who  thought  he  spotted  a  mathematical  error  in 
the  derivation  of  the  bent  beam  formula  used  to  calculate  the  stress.  He  voted  nega¬ 
tively,  pointing  out  this  error  to  the  task  group  chairman.  It  took  a  heated  exchange 
of  letters  and  resort  to  an  expert  stress  analyst  to  convince  our  subcommittee  member 
that  it  was  his  math  that  was  in  error,  and  not  that  of  the  method.  1  mention  this, 
really,  to  pay  tribute  to  those  members  who  do  take  the  time  to  study  carefully  and  de¬ 
rive  for  themselves  the  formulas  and  other  details  that  go  into  making  up  a  complex  pro¬ 
cedure  such  as  this.  Their  fortitude  in  voting  negatively  should  also  not  be  overlooked, 
since  it  takes  courage  to  put  forward  your  own  convictions.  However,  the  procedures  of 
the  ASTO  are  designed  so  that  each  person's  valid  objections  are  heeded.  This  contributes 
imaeasureably  to  the  rigor  of  the  final  published  document. 

A  comparison  of  theoriginal  Task  Group  1  document  which  used  three  paragraphs  and 
a  brief  procedure  for  calculating  the  stress  level  in  a  C-ring  with  the  recommended 
practice  for  making  and  using  C-rings  will  demonstrate  the  increase  in  thought  and  detail 
that  has  been  put  into  the  latter,  thereby  greatly  increasing  its  usefulness,  particularly 
to  the  novice. 


Except  for  the  U-bends,  bent  beams  and  tensile  test  specimens,  there  had  not  been 
any  interest  among  Subcommittee  members  in  writing  recommended  practices  for  other  spe¬ 
cimen  types.  For  example,  the  tuning  fork  specimen,  a  favorite  of  many  laboratories, 
has  often  been  brought  up,  but  without  an  '  members  found  willing  to  undertake  the  effort 
needed  to  write  a  document.  Part  of  the  reason  for  this,  I  am  sure,  is  the  recent  up¬ 
surge  of  interest  in  precracked  specimens,  which  has  occupied  che  attention  of  those  who 
might  otherwise  be  actively  developing  tuning  forks  and  other  smooth  specimens. 

At  our  recent  meeting,  however,  a  new  member  came  forward  to  express  an  interest  in 
specimens  for  weldments.  This  was  another  area  which  had  been  oiscusacd  by  older  members 
through  the  years,  but  without  much  action.  Now,  1  use  this  as  an  example  of  how  a  new 
problem  gets  introduced  and  handled  in  the  framework  of  an  established  subcommittee. 
Presently,  this  member  is  drafting  a  recommended  practice  that  will  be  circulated  to  the 
task  group  and  other  persons  interested  in  the  subject. 

Section  2  similarly  grew  out  of  task  group  2  on  test  environments  and  test  duration. 
It  has  converted  into  a  section  whose  area  of  interest  deals  with  specific  materials  and 
environments  used  to  test  these  materials.  Stress  corrosion  is  a  problem  shared  by  all 
materials,  but  each  family  seems  to  have  as  its  nemesis,  one  or  more  specific  corrodents, 
as  amnonia  compounds  in  the  case  of  copper  base  alloys.  These  corrodents  are  generally 
widely  distributed  throughout  our  natural  and  man-made  environments,  so  no  real  effort 
can  be  made  to  control  the  problem  from  this  standpoint.  However,  when  testing  «  given 
material  for  susceptibility  to  stress  corrosion,  it  has  been  a  common  and  useful  prac¬ 
tice  to  limit  the  test  environment  to  some  formulation  that  includes  the  specific  corro¬ 
dent  for  the  material  of  interest.  With  this  assumption  underlying  its  work.  Section  2 
has  had  the  following  task  groups : 


Task  Group  7  - 
Task  Group  8  - 
Task  Group  9  - 
Task  Group  10  - 
Task  Group  11  - 
Task  Group  12  - 
Task  Group  13  - 
Task  Group  14  - 
Task  Group  15  - 
Task  Group  16  - 


Hot  salt  test  for  titanium  alloys 
W.  B.  Lisagor,  Chairman 

Stress  Corrosion  test  for  7039  alloy 
T.  J.  Summerson,  Chairman 

Boiling  magnesium  chloride  test 
D.  S.  Neill,  Chairman 

Polythionic  acid  test 
D.  S.  Neill,  Chairman 

Intergranular  and  exfoliation  corrosion  of  aluminum  alloys 
S.  J.  Ketcham,  Chairman 

3  1/27.  Sodium  chloride-alternate  itimersion  test 

D.  0.  ^prowls,  Chairman 

Stress  corrosion  test  for  magnesium  base  alloys 
A.  Gallaccio,  Chairman 

Stress  corrosion  test  for  copper  base  alloys 
R.  Popplewell,  Chairman 

Stress  corrosion  test  in  organic  media 

E.  G.  Haney,  Chairman 

Stress  corrosio.'  tests  in  atmospheric  environments 
No  Chairman 


36 


2-6 


Task  Group  1  -  Stress  corrosion  test  of  insulating  materials  used 
Kith  stainless  steels 
D.  S.  Neill,  Chairman 

Each  task  group  has  had  its  own  special  history  which  has  influenced  the  position 
in  which  we  find  them  today.  Task  group  13  was  discharged  upon  receipt  of  a  report 
which  included  a  literature  survey  of  the  field,  and  a  conclusion  that  there  was  insuf¬ 
ficient  interest  among  members  to  prepare  a  recommended  practice  for  the  stress  corrosion 
testing  of  magnesium  based  alloys. 

Task  Groups  9  and  10  have  recommended  practices  currently  being  balloted  by  G-l.  In 
the  boiling  magnesium  chloride  test,  a  major  contribution  was  made  by  a  non-member,  I.  B. 
Casale,  through  the  efforts  of  M.  A.  Stretcher  a  G-l  member  who  was  not  originally  a  mem¬ 
ber  of  the  subcommittee.  Dr.  Streicher  became  a  member  and  contributed  greatly  to  this 
document.  It  is  appropriate  to  mention  at  this  time  that  the  originator  of  this  parti¬ 
cular  test,  M.  A.  Scheil,  was  a  member  of  Committee  G-l  and  also  has  participated  in 
the  committee.  The  other  task  groups  are  at  various  stages  u£  voting  on  drafts  within 
the  task  group,  or,  in  some  cases,  preparing  first  drafts.  Task  Group  11  was  formed 
within  Subcommittee  6  because  many  of  its  members  were  active  in  this  subcommittee,  and 
the  problems  were  felt  to  be  somewhat  related.  However,  this  task  group  was  later  trans¬ 
ferred  to  the  jurisdiction  of  Subcommittee  5,  on  laboratory  tests,  and  is  nearing  com¬ 
pletion  of  its  work. 

Section  4,  on  precracked  specimens  started  to  write  methods  for  specific  materials, 
high  strength  steels,  titanium  alloys  and  high  strength  aluminum  alloys.  This  effort 
did  not  reach  fruition.  A  reorganization  was  made  and  now,  this  section  will  follow 
Section  l's  modus  operandi .  and  write  a  recommended  practice  for  each  of  several  parti¬ 
cular  types  ot  specimens : 

Task  Group  1  •  Wedge  Opening  Load  Specimen 
S.  R.  Novak,  Chairman 

Task  Group  2  -  Doable  Cantilever  Beam 
D.  E.  Piper,  Chairman 

Task  Group  3  -  Single  Cantilever  Beam 
B.  F.  Brown,  Chairman 

The  most  significant  part  of  this  effort  is  the  cooperation  being  afforded  to  G-l 
by  Committee  E-24.  This  committee  is  involved  in  the  area  of  fracture  mechanics,  a 
branch  of  mechanical  testing.  One  of  their  subcomnittees ,  number  4,  has  the  more  narrow 
interest  of  environmentally  controlled  sub-critic«l  crack  growth.  This  is,  of  course, 
stress  corrosion,  viewed  from  the  more  narrow  discipline  of  mechanics,  which  generally 
neglects  the  effects  of  environment  -  but  then  -  who  can  do  this  today?  This  subcommittee 
established  a  task  group,  at  first  assigned  the  task  of  reviewing  the  draft  for  a  recom¬ 
mended  practice  being  written  by  Section  4,  and  now,  to  cooperate  fully  in  the  work  of 
this  Section. 

It  is  contemplated  that  three  methods  will  be  proposed  and  that  a  round  robin  test 
of  two  or  more  of  them  will  be  carried  out.  These  methods  are  currently  being  drafted 
by  task  group  chairmen. 

In  addition  to  the  work  of  the  task  groups  and  sections,  the  Subcommittee  carries 
on  several  other  functions.  One  of  these  has  been  mentioned,  that  of  sponsoring  a  sym¬ 
posium,  from  which  grew  much  of  the  work  of  the  task  groups  and  a  volume  of  papers  which 
serve  as  a  permanent  record  of  the  state-of-the-art  in  stress  corrosion  testing  as  of 
1966.  Since  then,  the  Subcommittee  has  co-sponsored  or  otherwise  participated  in  several 
symposia  and  other  meetings.  One  of  the  latest  efforts  was  to  contribute  a  chapter  on 
Stress  Corrosion  Testing  to  the  Handbook  on  Corrosion  Testing  being  edited  by  W.  H.  Ailor. 
This  will  be  published  under  the  sponsorship  of  the  Electrochemical  Society  as  one  of  a 
series  of  volumes  to  replace  H.  K.  Uhlig's  classic  but  long  out  of  date  Corrosion 
Handbook. 

I  would  like  to  close  my  remarks  by  stressing  the  philosophy  whereby  we  have  guided 
this  committee.  The  hallmark  of  our  efforts  has  been  "to  provide  a  forum  where  those 
interested  in  stress  corrosion  could  exchange  views  and  cooperate  in  mutual  endeavors 
to  advance  the  art  and  knowledge  of  stress  corrosion  testing."  We  have  not  tried  to 
be  exclusive  in  this  work,  but  rather  have  actively  pursued  liaison  with  other  ASTM  com¬ 
mittees  and  other  national  organizations,  such  as  the  National  Association  of  Corrosion 
Engineers,  the  Metals  Property  Council,  the  American  Society  for  Metals,  the  Aluminum 
Association,  the  Welding  Council,  and  other  groups. 
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There  have  been  some  overtures  for  cooperation  on  the  international  level.  ASTM 
held  its  first  meeting  outside  the  United  States  in  Toronto,  Canada  just  a  little  over 
a  year  ago,  in  June,  1970.  John  Stanners,  of  the  British  Iron  and  Steel  Research  Asso¬ 
ciation  met  with  us,  and  told  us  of  the  program  of  round  robin  testing  being  carried  on 
in  his  country  with  precracked  specimens.  We  have  had  correspondence  with  Redvers 
Parkins,  of  the  European  Federation  of  Corrosion.  Now.  I  expect  this  meeting  to  accel¬ 
erate  the  exchange  of  ideas  and  methods  that  we  use,  looking  forward  to  an  eventual 
cooperation  under  the  aegis  of  the  International  Standards  Organization.  The  ASTM  is 
entering  the  seventies  with  a  new,  expansionary  program  to  meet  the  demands  of  our  truly 
modern,  completely  worldwide  industrial  society.  1  fully  expect  this  meeting  to  be  but 
the  first  of  many  with  the  objective  of  promoting  the  standardization  of  stress  corro¬ 
sion  tests  on  a  worldwide  basis. 
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SUMMARY 

There  is  Just  one  MCE  Standard  for  stress  corrosion  test  techniques:  it  is 
entitled,  "Evaluation  of  Metals  i'or  Resistance  to  Sulfide  Stress  Cracking  at  Ambient 
Temperatures " .  This  document  xs  In  process  and  it  is  expected  that  it  will  be  given 
final  approval  and  issued  in  197 2  * 

The  Aluminum  Association  is  sponsoring  jointly  with  the  ASTM  a  task  group  for 
the  stress  cor'  ion  testing  of  7XXX  series  high  strength  aluminum  alloys.  Members  of 
the  task  grou:  include  five  producers  of  aluminum  alloys,  five  U.  S.  Government  agencies 
and  one  aircraft  manufacturer.  An  Inter-laboratory  test  program  is  in  progress  on  three 
tempers  of  7075  alloy  for  the  purposes  of:  (1)  comparing  three  types  of  smooth  test 
specimens,  (2)  ascertaining  the  uniformity  of  test  results  that  can  be  expected  with  a 
closely  controlled  procedure  for  the  3 . 5^  MCI  alternate  immersion  test  (Federal  Method 
823),  (3)  evaluating  other  corrodents  that  do  not  cause  severe  pitting  of  these  alloys, 
and  (4)  relating  the  SCC  performance  in  these  laboratory  tests  with  that  in  outdoor 
atmospheres . 
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PROGRESS  TOWARD  STANDARDIZATION  OP  SCO  TEST  TECHNIQUES 
HI  THE  NATIONAL  ASSOCIATION  OF  CORROSION  ENGINEERS 
AND  THE  ALUMINIM  ASSOCIATION 

Donald  0.  Sprawls 


PART  I  -  NATIONAL  ASSOCIATION  OF  CORROSION  ENGINEERS 

The  National  Association  of  Corrosion  Engineers  is  a  technical  society  composed 
of  approximately  7000  members  who  are  interested  in  the  various  aspects  of  corrosion 
prevention  and  control.  The  Association  was  founded  in  1943  and  has  grown  from  its 
initial  beginnings  with  the  pipeline  industry  to  a  membership  r.hat  enconqjasses  all  aspects 
of  industry.  Its  membership  is  not  restricted  to  the  United  States  but  includes  several 
hundreds  of  members  from  Canada,  Japan,  Mexico,  and  the  European;  countries. 

TECHNICAL  COMMITTEES  function  as  the  technology  arm  of  NACE.  Meetings  of  these 
conmittees  serve  as  forums  for  discussion  of  specific  corrosion  problems.  From  these 
discussions,  informational  reports  and  NACE  Standards  are  evolved.  All  Standards  issued 
by  the  Association  are  written,  reviewed,  and  approved  by  procedures  set  forth  in  the 
NACE  Standards  Manual",  to  be  described  in  a  later  paragraph. 

The  following  is  a  list  of  the  Technical  Group  Committees  organized  under  the 
general  Technical  Practices  Committee  as  shown  in  Figure  1. 

T-l  Corrosion  Control  in  Petroleum  Production 

T~3  General  Corrosion 

T-5  Corrosion  Problems  in  the  Process  Indus cries 

T-6  Protective  Coatings  and  linings 

T-7  Corrosion  by  Waters 

T-8  Refining  Industry  Corrosion 

T-9  Corrosion  of  Military  Equipnwnt 

T-10  underground  Corrosion  Control 

Each  Technical  Group  Conmittee  consists  of  several  Unit  Committees,  and  these 
in  turn  are  generally  organized  into  Task  Groups  with  specific  assignments.  For  example, 
one  of  the  unit  Committees  of  Committee  T-l  is  "Metallurgy  of  Oil  Field  Equipment",  and 
this  Uhit  Conmittee  has  several  Task  Groups,  one  of  which  (T-1F-9)  Is  devoted  to  testing 
techniques  for  sulfide  corrosion  cracking.  This  Task  Group  has  the  assignment  to  prepare 
a  standard  for  evaluating  materials  for  sour  crude  service. 

The  NACE  Standards  Manual  provides  a  guide  which  must  be  followed  for  the 
development  and  preparation  of  new  or  revised  standards.  An  NACE  standard  shall  be 
initiated  by  a  Technical  Uhit  Committee  with  at  least  ten  members.  The  interests  of  the 
individual  members  shall  be  recorded  under  the  categories  of  "Consumer",  "Producer",  and 
"General  Interest".  Every  effort  will  be  made  to  have  equal  representation  between  the 
"Consumer"  and  the  "Producer",  but  in  no  event  will  the  membership  consist  of  less  than 
51#  in  the  "Consumer"  plus  "General  Interest"  categories.  The  proposed  standard  is 
drafted  by  the  aopointed  Task  Group  which  may  use  the  services  of  uniquely  qualified 
persons  external,  to  NACE  as  "Advisors".  A  flow  diagram  showing  the  procedure  for  review 
and  approval  of  a  proposed  standard  is  shown  in  Figure  2.  The  Central  Office  of  NACE 
shall  submit  a  standard  to  the  originating  Uhit  Committee  after  the  first  two  (2)  years 
for  reapproval,  change,  or  recommendation  that  the  standard  be  submitted  to  the  American 
National  Standards  Institute  for  Adoption  bj  that  body. 

The  proposed  NACE  Standard  (Test  Method)  entitled  "Evaluation  of  Metals  for 
Resistance  to  Sulfide  Stress  Cracking  at  Ambient  Temperatures"  is  currently  out  for 
letter  ballot  of  Group  Committee  T-l.  This  document  probably  will  be  completed  and  given 
final  approval  early  in  1972.  It  would  be  premature  to  distribute  copies  of  the  draft  at 
this  time,  but  a  copy  of  another  NACE  Standard  is  appended  to  illustrate  the  format. 

Group  Committee  T-5  has  a  Uhit  Conmittee  on  the  "stress  Corrosion  Cracking  of 
Metallic  Materials",  which  sponsors  symposia  and  conducts  forums  for  discussion  of  stress 
corrosion  problems,  new  stress  corrosion  resistant  alloys,  protective  measures,  etc. 

There  are  several  task  groups  representing  different  metal  alloy  systems,  and  the 
assignments  involve  informational  reports  on  service  failures  and  case  histories 
(Figure  1).  This  conmittee  maintains  effective  liaison  with  the  ASTM  Subcommittee  on 
Stress  Corrosion  Testing,  and  Inasmuch  as  the  latter  is  actively  working  on  SCC  testing 
methods,  Uhit  Committee  T-5E  has  not  moved  in  this  direction. 

There  are  no  other  unit  Committees  or  Task  Groups  in  NACE  that  are  concerned 
with  stress  corrosion  testing  methods. 

PART  II  -  ALUMINUM  ASSOCIATION  -  ASTM  JOINT  TASK  GROUP 

The  Aluminum  Association,  with  its  membership  consisting  of  representatives  of 
producers  and  fabricators  of  aluminum  and  aluminum  alloys  in  United  States  and  Canada, 
has  among  its  technical  committees  one  on  Finishes  and  Corrosion.  In  May,  1971,  the 
Aluminum  Association  Technical  Policy  Committee  requested  the  formation  of  an  Ad-Hoc 
Committee  to  consider  the  problems  associpi-rd  with  the  stress  corrosion  testing  of  high 
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Producta-  BjI*  coamiteee  sponsored  a  technical 
presentation  of  the  problem  at  the  U.S.  Air  Force  Materials  Laboratoiy  on  June  3,  1971, 

»0r  °t  t?e  AJr  Porce»  the  naval  Air  Systems  Command  and  the  U.S.  Army. 

tS  t^SSr^t8^  2£J5f£  glv!n  1x1  tbe  aectlona  to  follow.  In  response 

to  the  Interest  and  siq5>ort  pledged  by  the  armed  services,  a  task  group  was  organized  In 

Jdne,  1971,  entitled.  Aluminum  Association  and  ASTM  (G01.06.91)  JointTask  Group  for 
Stress  Corrosion  Testing  7XXX  Aluminum  Alloys  Containing  Copper.  Members  Include  five 
producers  of  aluninum  alloys,  five  U.  S.  Government  agencies  and  one  aircraft  manufac- 
rarer  • 

What  la  6he  Problem? 


. ,  ,  .  Stress-corrosion  cracking  (SCC)  problems  have  occurred  with  parts  made  of 

strength  aluminum  alloys  such  as  2014-T6,  2024-T3,  7075-T6  and  7079-TbT  Generally 
the  SCC  is  associated  with  sustained  tension  stress  at  the  surface  of  the  metal  arei^ 
^tlng _ in  the  short  transverse  direction  relative  to  the  grain  flow  pattern  In  the  metal 

’  Ej^te,  etc.  often  has  left  end-grain  structure  at  the 
surface  of  the  finished  part.  Tbe  stresses  that  have  been  responsible  for  the  SCC 

SfKcauaf^V?  the  des,1?n  loads  that  are  watched  closely  by  fatigue-  conscious 
engineers.  Rather,  SCC  is  generally  caused  at  unexpected  locations  by  relatively  high 
tension  stresses  +hat  are  locked  into  components  as  a  result  of  heat  treatment  or  1815 
assembly  practices. 

flinmimim  * ^ithough  alloy  7075-T73  has  provided  a  good  solution  to  SCC  of  high  strength 
aluminum  alloys,  the  attendant  decrease  of  10  to  1%  in  T.S.  and  Y.S.  compared  to  ^ 
IX'5-Tb  is  undesirable  for  many  applications.  Nevertheless,  It  often  has  been  possible 
7075-T75  directly  for  2014-T6.  Satisfactory  performance  has  been  given  by 
111  atrucJur®a  for  up  to  8  years  operation.  Also,  accelerated  laboratory 
tests  and  exposures  of  up  to  10  years  in  industrial  and  seacoast  atmospheres  have  7 

demonstrated  the  virtual  immunity  to  SCC  of  a  wide  variety  of  products  and  shapes.  To 
define  the  resistance  to  SCC  of  7075-T73  products  for  specification  purposes,  a  SCC  test 

intovthe  notary  specification  for  the  heat  treatment  of 
aluminum  alioys,  MUrH*  6o88e.  Subsequent  experience  has  shown  that  the  conditions  of 
ohis  test,  summarized  in  Table  I,  are  too  general  when  used  for  the  evaluation  of  products 
of  newer  alloys  and  tempera .  An  illustration  of  the  wide  variety  of  test  conditions  used 
is  shown  in  Table  II  with  information  from  sixteen  different  laboratories .  Because  this 
Is  the  most  widely  used  accelerated  test  for  these  alloys,  it  Is  expedient  to  regulate 
conditions  to  make  the  test  as  reliable  as  possible.  ^  regunaxe 

.  5*  Tb®  aerospace  industry  has  indicated  that  for  many  applications  an  allov 

oft707SIT‘fi1n^a7nvQtSfi3CC  1f®3, than  °f  7075-T73,  but  substantially  better  than  that 
simlllr  „  JK7  de3l^ble,  provided  it  has  mechanical  properties 

similar  to  7075  To  or  7079~T6.  This  has  become  a  prime  target  for  alloy  development  for 

and  new  alloys  and/or  tempers,  such  as  7075-T76,  7075-T736 
7175-T736,  7049-T73,  X7050-T73*,  X7050-T736*  and  RX720  have  appeared  on  the  scene . * 

It  Is  not  practical  to  use  SCC  tests  only  in  natural  environments  for  allov 
°f  the  long  exposure  periods  required,  and  so  accelerated  tests 
are  used.  The  FT?  terrper,  and  later  the  T76  temper,  were  developed  principally  by 
exposures  to  the  3 • 5$  NaCl  alternate  Immersion  test;  the  salt  solution  was  made  to 
3tandards  meeting  ASTM  B117  (salt  spray  test  solution)  and  the  exposures  made 
conditions  of  laboratory  atmosphere.  The  reliability  of  this  test  for 
predicting  the  atmospheric  SCC  performance  of  7075  alloy  in  the  T6,  T73  and  176  tempers 
is  illustrated  by  the  test  data  shown  in  Figure  3. 

4.  Problems  have  arisen  in  defining  "intermediate"  resistance  to  SCC  of 

'4.  Not  ?nly  d0  varlat|les  in  the  SCC  test  procedure  have  a  marked 
influence  on  the  SCC  test  results,  but  of  even  greater  importance  is  the  selection  of 

pfodi?ct3  the  ailing  procedure.  These  critical  factors  influence 
f”*L?  &  D  efforts  to  develop  new  alloys  and  the  establishment  of  meaningful  specification 
acceptance  tests.  Figure  4  is  a  schematic  representation  of  data  from  a  :  number  of 
investigations  shoving  the  wide  variation  in  performance  that  may  be  encountered  in  SCC 
tests  of  7XXX-T7X  alloy  products  compared  to  those  of  7075-T6  or  7075-T73,  when  proper 
account  is  not  taken  of  the  test  conditions. 

v  o  ??  th®  ?£aPh, it,  13  sh0VT1  that  at  th®  relatively  high  stress  level  of  75% 

I0P  7XXX-T7X  products)  7075-T73  is  highly  resistant  to  SCC 
^^J-633  of  te3t  conditions  and  product  tested.  At  this  high  stress  level  specimens 
of  To  temper  products  fall  rapidly  in  all  cases.  The  performance  of  specimens  from 
intermediate  resistance  T7X  temper  products  can  vary  widely  depending  upon  the  grain 


or  7079~t6  —  -  v  uxy  ue&ter  Loan 

„  ,  ££  tb®  £5  ksi  8tr®33  l9vel  (lower  gra^h)  7075-T73  will  not  stress-corrosion 

creek  end  the  7075-To  may,  on  the  basis  of  extended  specimen  life,  appear  to  be  fairly 
resistant.  The  performance  of  T7X  temper  specimens,  on  the  basis  of  a  30-day  test,  may 


*  Preliminary  temper  designations  still  in  development  stage. 
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appear  distinctly  superior  to  the  t6  tender  and  equal  to  T73»  but  on  the  basis  of  longer 
exposures,  the  performance  may  overlap  both  that  of  T73  and  T6  tempers. 

The  effects  of  some  of  the  variations  In  test  conditions  will  be  discussed  In 
the  following  paragraphs. 

The  3.5$  NaCl  Alternate  Emersion  Test 

Method  No.  823  of  U.S.  Federal  Standard  151B  was  issued  on  November  24,  1967 
to  regulate  the  procedure  for  this  test  In  SCC  specifications  for  aluminum  alloy  products. 
The  regulations  set  forth  are  shown  In  Table  III.  To  evaluate  this  teat  method  an  inter¬ 
laboratory  testing  program  sponsored  by  ASTM  Subcommittee  G01. 06.02  was  conducted  in  five 
different  laboratories  on  C-ring  specimens  of  7039  alloy  plate,  appreciable  variation 
was  observed  in  the  alternate  Immersion  test  results  obtained  in  different  laboratories, 
although  the  repeatability  of  the  test  results  in  any  one  laboratory  was  fairly  good. 
Comparison  of  the  detailed  procedure  used  in  the  five  laboratories  revealed  that  all  had 
not  adhered  strictly  to  the  specified  procedure. 

Another  small  interlaboratory  test  was  performed  by  Alcoa  under  the  sponsorship 
of  a  government  contract,  and  a  portion  of  the  data  is  shown  in  Figure  5-  The  graphB 
illustrate  a  mprked  variation  in  corrosion  and  SCC  of  transverse  0.125-in.  diameter 
tensile  specimens  of  7079-T651  exposed  to  3-5.#  NaCl  A. I.  tests  in  four  different 
laboratories.  All  four  tests  would  conform  to  the  general  requirements  of  MH-H-6088E. 
Procedure  A  is  an  Alcoa  test  using  solution  made  with  commercial  salt  and  tapwater  which 
meets  the  water  purity  limits  of  ASTM  B117-64  (<200  ppm  total  solids).  Procedures  B  and 
C  satisfied  Federal  Method  823  (Procedure  B  conducted  by  Alcoa,  c  by  another  laboratory). 
With  Procedure  D  (a  third  laboratory)  the  salt  solution  met  the  purity  standards  of 
Method  823  but  the  atmospheric  conditions  varied  over  a  wider  range.  While  Procedures 
C  and  D  were  more  corrosive  to  7079_t651  alloy,  Procedure  B  caused  more  rapid  SCC. 
Procedure  A  was  the  milder  test  on  both  counts. 

A  problem  of  interpretation  that  arises  with  the  3.5$  NaCl  alternate  immersion 
test  is  illustrated  by  data  plotted  in  Figure  6  for  a  single  lot  of  7075-T7351  plate. 

When  operated  without  close  control  of  atmospheric  conditions,  solution  chemistry,  etc. 
the  test  yields  variable  results,  as  one  might  expect.  When  an  attempt  is  made  to 
regulate  the  test,  as  in  Federal  Method  823,  test  results  may  be  more  uniform  in  a  given 
laboratory,  but  there  still  can  be  appreciable  variation  in  test  results  between 
laboratories.  In  this  instance  the  more  aggressive  Method  823  versions  of  the  test  do 
not  relate  with  4-year  outdoor  exposure  tests  as  well  as  the  less  aggressive  test  (dashed 
line).  The  reason,  as  revealed  by  metallographic  examinations  of  failed  specimens, 
is  that  the  specimens  exposed  to  the  two  Method  823  tests  failed  as  a  result  of  trans- 
granular  cracks  caused  by  tensile  overload  that  occurs  as  the  corrosion  pits  develop  and 
not  uy  characteristic  intergranular  SCC.  Such  transgranular  cracks  have  never  been 
observed  in  specimens  exposed  to  the  atmosphere. 

Subcommittee  G01.06  of  the  ASTM  is  presently  balloting  a  Recommended  Practice 
for  Performing  the  3*5$  NaCl  Alternate  Immersion  Test  that  follows  closely  the  conditions 
called  out  In  Federal  Method  823.  A  new  interlaboratory  test  program  evaluating  this 
test  procedure  is  presently  being  started  by  the  Aluminum  Association  -  ASTM  Joint  Task 
Group. 


The  Stress  Corrosion  Teat  Specimen 

The  type  and  size  and  method  of  loading  of  the  stress  corrosion  test  specimen 
can  have  marked  effects  upon  the  probability  of  its  falling  and  the  time  to  failire. 

Also,  small  test  specimens  are  particularly  liable  to  tensile  overload  failures  when 
exposed  to  environments  that  cause  severe  pitting  of  the  specimen. 

Because  the  per  cent  loss  in  strength  cf  the  test  specimen  Is  a  function  of  the 
specimen  diameter  and  the  exposure  time,  it  may  be  concluded  from  Figure  7  that  the 
0.225-ln.  diameter  specimen  Is  less  likely  to  incur  pitting-failures  in  a  30-day  exposure 
than  the  0.125-in.  diameter  specimen.  Although  there  has  been  widespread  use  of  the 
0.125-in.  diameter  tensile  test  specimen,  the  occurrence  of  such  failures  in  the  5.5$ 

NaCl  alternate  immersion  test  has  resulted  in  many  laboratories  adopting  larger  diameter 
tensile  specimens. 

A  disadvantage  or  risk  involved  with  the  use  of  larger  diameter  tensile 
specimens  is  a  sacrifice  in  the  sensitivity  of  the  test  to  true  stress-corrosion  cracking. 
The  results  summarized  in  Table  IV  for  high  resistance  tempers  show  that  these  "pittlng- 
type"  failures  almost  can  be  eliminated  by  use  of  the  1/4-in.  diameter  specimen. 

However,  tests  of  intermediate  resistance  items  at  high  stresses  and  of  low  resistance  items 
at  low  stresses  showed  that  use  of  1/4-in .  specimens  reduced  the  percentage  of  legitimate 
SCC  failures.  Thus,  the  use  of  larger  specimens  to  avoid  "nuisance"  pit-type  failures 
may  also  reduce  the  ability  to  detect  susceptibility  to  SCC.  This  is  particularly  true 
for  a  30-day  exposure  of  items  with  intermediate  resistance  to  SCC.  Atmospheric 
exposure  data  for  specimens  of  both  slzeB  are  needed  to  determine  which  size  of  test 
specimen  gives  the  most  realistic  data. 

Method  of  Sampling  Products  to  be  Evaxoated 

In  a  simple  product  such  as  sheet,  the  choice  of  specimen  type  and  orientation 
is  limited.  However,  for  thick  sections,  and  especially  for  complex  shapes,  the  sampling 
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procedure  becomes  more  complicated  and  of  fundamental  Importance.  It  is  necessary  to 
take  Into  account  tbe  grain  structure  of  the  material  resulting  from  the  metal  flow 
pattern  Induced  during  fabrication  of  tbe  product. 

Because  of  tbe  sequence  of  working  operations  in  making  forgings,  and  tbe 
variation  that  Is  possible,  tbe  metal  flow  pattern  may  not  always  be  simply  related  to 
tbe  cross  section  of  tbe  finished  product.  Consequently,  true  longitudinal  and  long- 
transverse  specimens  may  be  difficult  to  locate  without  first  making  a  careful  examina¬ 
tion  of  tbe  grain  structure.  It  Is  recognized  that  In  hand  forgings  tbe  grain  structure 
Is  usually  elongated  In  tbe  longitudinal  and  tbe  long-transverse  directions  with  relation 
to  tbe  external  shape  of  tbe  part.  In  a  square  cross  section,  tbe  grain  structure 
pattern  may  not  be  as  well  defined  in  relation  to  tbe  external  shape  as  in  a  rectangular 
section;  however,  as  tbe  wldth-to-thickness  ratio  Increases,  the  long-tranaverse 
characteristics  usually  become  more  apparent. 

Even  a  square  section,  bowever,  may  exhibit  different  degrees  c*  directional 
structural  characteristics .  An  extreme  example  of  tbe  complicated  metal  flow  pattern 
that  may  be  developed  In  a  square  hand  forging  Is  shown  in  figure  8.  From  this  8- inch 
square  section  "transverse"  specimens  were  removed  with  three  different  orientations 
relative  to  tbe  gi*aln  structure  as  shown  on  tbe  etched  section.  Tbe  specimen  blanks, 
5A6-inch  square  x  2  inches  long,  were  reheat- treated  to  the  -T6  temper.  A  sustained 
stress  of  35  ksi  wao  applied  to  the  machined  0.125- inch  diameter  tension  bars  during 
exposure  to  tbe  3-1/2  per  cent  sodium  chloride  alternate  immersion  test.  Specimen  P 
(parallel  to  metal  flow)  was  intact  after  180  days'  exposure,  whereas  specimen  D 
(45°  to  metal  flow)  stress-corrosion  cracked  after  JO  days'  exposure,  and  specimen  N 
(normal  to  metal  flow)  after  only  14  days.  A.  duplicate  P  specimen,  exposed  while  under 
a  stress  of  60  ksi,  also  wao  intact  after  180  dajs'  exposure. 

Thus,  from  a  square  section,  "tr-ans verse"  specimens  which  might  be  expected  to 
exhibit  a  relatively  low  resistance  to  stress-corrosion  cracking  exhibited  a  wide 
variation  in  resistance,  including  both  short -transverse  and  longitudinal  specimen 
behavior.  3h  some  instances  test  specimens  rem  wed  longitudinally  from  hand  forgings 
have  exhibited  a  tendency  for  transverse  speclrm  behavior. 

An  example  of  how  specimen  location  .'n  an  extrusion  affected  SCC  test  results 
is  shown  in  Figure  9.  For  the  intermediate  re iistance  T76  temper  the  "transverse"  grain 
structure  at  the  base  of  the  outstanding  leg  had  higher  resistance  than  the  short- 
transverse  grain  structure  in  the  web.  The  ei  feet  of  grain  structure  was  not  evident  on 
th;  very  high  resistance  T73  temper,  nor  on  the  relatively  low  resistance  t6  temper. 

Hie  difference  In  performance  for  the  Tj6  temper  is  attributed  to  difference  in  grain 
structure ,  rather  than  to  specimen  type. 

Effect  of  Size  and  Shape  of  Products  to  be  Evaluated 


An  example  of  the  marked  effects  that  the  configuration  of  a  forging  and  the 
directionality  of  the  grain  structure  can  have  on  the  stress  corrosion  performance  is 
shown  In  Figure  10.  The  performance  of  the  web- flange  type  die  forging  was  relatively 
poor  because  the  short-transverse-parting  plane  flow  was  more  severe  than  that  In  the 
cylindrical  forging;  however,  the  grain  structure  of  the  latter  was  more  critical  than 
that  of  the  thick  hand  forgings.  All  of  the  forgings  of  the  experimental  alloy  were  of 
similar  composition  and  had  been  given  the  same  nominal  h'-at  treatment.  It  is  possible 
by  the  choice  of  appropriate  thermal  treatments  to  develop  similar  SCC  performance  in  the 
various  products. 

Conclusions 


1.  The  introduction  of  new  7XXX-type  alloys  and  tempers  with  intermediate 
resistance  to  SCC  has  posed  new  problems  in  performing  SCC  tests  and  evaluating  the 
results . 


2.  There  is  a  need  for  refined  test  procedures  and  the  adoption  of  uniform 
practices  for  all  investigators.  Work  in  this  direction  already  In  progress  under  the 
sponsorship  of  ASTM  and  the  Aluminum  Association  should  be  accelerated.  In  this  area 
there  is  a  need  for: 

(a)  Close  control  of  the  widely  used  3-5#  NaCl  alternate  immersion 
test; 

(b)  Evaluation  of  other  corrodents  that  do  not  cause  severe  pitting 
of  these  alloys;  and 

(c)  Determination  of  the  possible  effects  of  the  use  of  specimens 
of  different  types  and  sizes  and  of  methods  of  loading. 

3.  To  obtain  valid  comparisons  of  the  resistance  to  SCC  of  alloys  and  tempers 
it  is  essential  that  like  products  and  configurations  be  tested  by  uniform  procedures. 
Standard  products  and  methods  of  sampling  should  be  adopted  through  the  Aluminum 
Association,  ASTM  and  through  U.S.  Government  agencies. 

4.  An  improved  rating  system  for  classifying  the  relative  resistance  to  SCC 
of  an  alloy  and  temper  is  needed.  This  should  be  based  upon  standard  products  tested 
by  uniform  procedures. 
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SOLIDS) 


TABLE  n 

VARIATIONS  IN  3.5%  NaCI  A. I.  --I6  LABORATORIES 


1 . 

ATMOSPHERE  CONTROL 

A. 

HUMIDITY  CONTROLLED 

3 

LABS 

NOT  CONTROLLED 

1  3 

LABS 

B. 

AIR  TEMPERATURED  CONTROLLED 

i  1 

LABS 

NOT  CONTROLLED 

4 

LABS 

2. 

SALT  SOLUTION  MAKE-UP 

A.. 

DISTILLED  WATER 

6 

LABS 

DEIONIZED  WATER 

7 

LABS 

TAP  WATER  (  METHOD  811  <  200  ppm  SOLIDS) 

3 

LABS 

B. 

ANAL,  REAGENT  NaCI 

3 

LABS 

CHEM.  PURE  NaCI 

7 

LABS 

COMM.  PURE  NaCI 

5 

LABS 

SYN. SEAWATER 

1 

LAB 

0. 

METHOD  OF  IMMERSION 

FERRIS  WHEEL  " 

SAMPLES  INTO  SOLUTION 

IMMERSION 

1  3 

LABS 

p  ;mp  SOLUTION  _ 

PUMP  SOLUTION  INTO  CELL 

3 

LABS 

4. 

TEST  SPECIMEN 

TENSILE  ROUND 

1/8  INCH  DIA. 

8 

LABS 

>1/8  INCH  DIA.. 

6 

LABS 

C-RINGS 

6 

LABS 

OTHERS 

1 

LAB 

{  KAISER  ALUMINUM  AND  CHEMICAL  CORPORATION,  T.  J.  SUMMERSON) 
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FOR  SOUR  SERVICE  INFORMATIONAL 


REPORTS 


ORGANIZATION  OF  NACE  TECHNICAL  COMMITTEES 

(PARTIAL) 

FIGURE  1 
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3-10 


STANDARD  (ratified  by  nace  directors) 


PROCEDURE  FOR  APPROVAL  OF  PROPOSED  NACE  STANDARDS 

FIGURE  2 
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(ALCOA  RESEARCH  LABORATORIES,  R.H.  BROWN,  O.O.SPROWLS  8  B.W.  LIFKA) 

FIGURE  3 
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DAYS  OF  EXPOSURE,  3.5%  NpCI  A.  I. 

EFFECT  OF  TESTING  VARIABLES  ON  S.C.C.  PERFORMANCE 
OF  PRODUCTS  WITH  INTERMEDIATE  RESISTANCE  TO  S.C.C. 
(T.J.SUMMERSON,  KAISER  RESEARCH  a  D.O.SPROWLS  ALCOA 
RESEARCH) 


FIGURE  4 
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IN  THE  3.5%  NaCI  ALTERNATE  IMMERSION  TEST 
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FIGURE  6 
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FIGURE  7 


Erper imposed  on  a  photograph  (IX)  of  a  marmot  < hod  transverse  sort  ion  of  a  special  8m  x  8in  x  24»n 
!  hand  f«  rging  of  7075-T6.  fabricated  so  as  to  produce  a  complex  grain  flow,  are  the  outlines  of  three 

•tress-corrosion  specimens  along  with  their  days  to  failure  in  the  ,1  V*.  NaCl  alternate  immersion 
|  These  sperimens  showed  widely  different  stress -corrosion  resistance,  as  would  be  expected  in  view  of 

their  orientation  to  the  grain  structure  Noteworthy  is  the  high  ordn  of  resistant e  of  specimen  (P) 

(D.O.  SPROWLS  &  R.H.  BROWN,  METAL  PROGRESS  V0L.8I ,  N0.4{I962),P.R  79-85) 

FIGURE  8 
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PERFORMANCE  OF  7075  ALLOY  EXTRUDED  WING  FLANK. 

(ALCOA  RESEARCH  LABORATORIES ,  B.  W.  LIFKA  a  D.  0.  SPROWLS ) 

FIGURE  9 


FIGURE  10 


STRESS  CORROSION  TEST  ICTHODS  - 
THE  EUROPEAN  FEDERATION  OF  C0RR06IGN  CONTRIBUTION 


R.N.  Parkins 

Department  of  Metallurgy 
The  University 

Newcastle  upon  Tyne,  NE1  7RU,  England. 
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SUMMIT 

The  European  Federation  of  Corrosion  Working  Part;  on  Stress  Corrosion  Test  Methods  has  prepared 
a  review  of  this  subject  and  the  present  paper  is  a  precis  of  the  major  points  in  this  review.  It  points 
to  suae  of  the  probleas  associated  with  the  various  methods  of  testing,  such  as  the  extensive  use  of  time 
to  failure  as  a  parameter  that  measures  susceptibility  and  the  apparently  poor  reproducibility  of 
values  as  reported  in  the  literature.  On  the  environmental  side  of  testing,  the  dangers  in  the  use  of 
'standard'  solutions  are  Indicated  and  the  necessity,  in  simulating  service  failures,  of  precisely 
reproducing  the  composition  of  the  environment  and  the  relevant  electrode  potential  are  shown.. 


STRESS  C0W06I0K  TEST  KTHODS  -  THB  EUROPEAN 


FE  EE  RAT  I  CM  OP  CORROSION  COKnUBUTICN 
R.H.  Parkins 


The  European  Federation  of  Corrosion,  which  is  an  amalgam  of  the  various  con  sion  societies  of 
Europe,  set  up,  in  1969,  a  Working  Party  on  Stress  Corrosion  Test  Methods.  This  Working  Party  was  set 
two  i Mediate  tasks,  one  Involving  a  cooperative  testing  prograaae  to  conpare  the  results  fron  different 
test  aethods  and  the  reproducibility  of  results  fron  different  laboratories,  and  the  second  to  prepare  a 
critical  essay  on  test  aethods  in  which  the  enphasls  would  be  placed  upon  consideration  of  the  factors 
that  can  influence  test  results,  rather  than  upon  collecting  together  the  details  of  test  aethods.  The 
first  t.  sk  is  not  yet  coapleted,  but  the  critical  essay  has  almost  reached  its  final  fora  prior  to  its 
simultaneous  publication  in  English,  French,  German  and  Spanish.  The  present  paper  constitutes  a  precis 

of  the  major  points  wade  in  the  none  detailed  article  that  is  to  be  published  in  the  summer  of  1972., 

It  nay  be  reasonably  assuaed,  fron  the  fact  that  there  are  so  many  different  stress  corrosion 
test  aethods  currently  in  use,  that  there  is  no  single  method  that  is  Markedly  superior  to  all  others. 
1'evertbeless,  soae  rationalization  of  the  present  situation  appears  desirable  and  it  is  as  well  to 
reaeaber  in  this  context  that,  ideally,  a  test  method  should  not  be  so  severe  that  it  leads  to  the  con¬ 
demnation  of  a  material  that  would  prove  adequate  for  a  particular  service  condition,  or  so  trifling  as 
to  permit  the  usage  of  a  material  in  circumstances  where  rapid  failure  would  ensue.  Recognition  of  such 
requirements  has  frequently  led  to  the  use  of  tests  that  closely  simulate  a  practical  situation,  especially 
in  regard  to  the  structure  and  composition  of  the  material  and  usually  in  relation  to  envlronr antal  aspects, 
but  less  frequently  in  respect  of  the  manner  in  which  the  stress  has  been  generated  in  the  test  speciaen. 
For  the  convenience  of  discussion,  the  present  article  is  divided  into  two  main  sections,  the  first 
concerned  with  stressing  systems  and  the  second  with  environmental  aspects  of  testing. 

STRESSING  SYSTEMS 


Irrespective  of  whether  the  specimen  is  plain  or  contains  a  pre-crack  at  the  start  of  the  test, 
the  method  of  stressing  the  test  piece  Involves  either 

(a)  a  constant  total  strain 

(b)  a  constant  load 

or  (c)  a  constant  strain  rate. 

Insofar  as  the  majority  of  stress  corrosion  failures  are  probably  the  result  of  the  incorporation  o X 
fabrication  stresses  into  structures,  tests  employing  a  constant  total  strain  are  probably  most  frequently 
the  more  realistic..  Constant  load  tests  may  simulate  more  closely  failure  from  applied  or  working  stresses, 
whilst  tests  involving  the  application  of  a  constant  strain  rate,  although  used  relatively  little  in  the 
pest  and  apparently  not  very  relevant  to  service  failures,  may  well  find  considerable  application  in  the 
future. 

Constant  Total  Strain  Tests 


These  are  by  far  the  most  popular  type  of  test  as  a  group,  since  bend  tests,  in  a  variety  of 
forms  and  usually  employing  simple,  cheap,  restraining  jigs  come  into  this  category.  The  stiffness  of 
the  restraining  frame  can  be  an  Important  parameter  in  influencing  the  results  obtained,  not  least  because 
the  initial  elastic  strain  in  the  speciaen  is  converted  in  part  to  plastic  strain  as  the  crack  propagates.: 
This  la  because  the  net  section  stress  Increases  as  a  crack  propagates  until  the  yield  stress  is  reached 
when  the  crack  yawns,  frequently  accompanied  by  the  propagation  of  a  Luders  band  and  a  resultant  reduction 
in  the  elastic  strain  and  hence,  in  effect,  the  load.  Once  load  relaxation  hail  been  initiated  the  extent 
to  which  it  proceeds  will  depend  upon  the  material  being  tested,  the  characteristics  of  the  restraining 
frame  and  even  upon  the  number  of  cracks  that  the  specimen  has  developed.;  Thun  in  a  specimen  that 
develops  a  number  of  cracks,  each  of  which  causes  ,  Luders  band  to  be  propagated,  marked  load  relaxation 
will  be  observed  as  compared  with  a  similar  specimen  in  which  only  one  or  a  few  cracks  are  present.  In 
the  latter  case  the  stress  corrosion  crack  will  not  need  to  grow  to  large  dimensions  before  sudden,  fast 
fracture  occurs  because  the  applied  load  remains  high,  whereas  with  the  marked  load  relaxation  associated 
with  the  presence  of  many  stress  corrosion  cracks  the  latter  must  propagate  much  further  before  one  of 
them  becomes  large  enough  to  create  the  stress  conditions  at  a  relatively  small  load  for  sudden  fracture.- 
Consequently  a  specimen  that  is  more  susceptible,  in  the  sense  that  it  develops  more  cracks,  may  tai.e  a 
longer  time  to  fall  than  one  that  contains  fewer  cracks  and  is  less  susceptible.;  This  indicates  the 
dangers  in  comparing  stress  corrosion  susceptibilities  in  terms  of  timer  to  failure,  especially  when  the 
results  are  from  different  laboratories  using  restraining  frames  of  varying  stiffness.; 

The  point  may  be  illustrated  with  some  results  of  stress  corrosion  tests  on  a  mild  steel  1 amersed 
in  a  boiling  nitrate  solution,  in  which  me  time  to  failure  was  determined  for  a  range  of  Initial  stresses 
(Figure  1)  using  the  same  equipment  for  each  test.  If  the  effects  of  cold  work  upon  the  cracking  suscep¬ 
tibility  are  compared  at  18  tons/sq.in.  initial  stress,  then  it  would  be  concluded  that  cold  working 
increased  the  resistance  of  the  steel  to  failure,  whilBt  a  comparison  at  10  tons/sq.in.  would  lead  to  a 
very  different  conclusion,  in  terms  of  time  to  failure.  It  could  be  argued  that  neither  of  these  lesults 
is  correct  because  the  drawing  would  result  in  different  yield  strengths  being  developed  in  the  three 
different  conditions  and  that  the  results  should  be  rationalized  by  making  the  comparison  as  a  funct,on 
of  the  respective  yield  strengths..  Here  again,  however,  the  order  of  susceptibility  varies  accordi-ig 


62 


1M  <•(• 


tf.  min. 

Figure  1.  The  effects  of  different  Mounts  of  prior  cold  work  on 
the  stress  corrosion  of  a  0.07%  C  steel  in  boiling 
4H  NH4N03. 

to  the  rationalized  stress  at  which  the  comparison  is  aatie,  as  the  results  shown  below  indicate. 


Initial  Stress 

Susceptibility  of  different  cold  worked  conditions. 

Most 

Intermediate 

Least 

18  tsi. 

0% 

10% 

34% 

10  tsl. 

10% 

34% 

100%  TS. 

34% 

10% 

0% 

30%  YS. 

10% 

34% 

0% 

Constant  Load  Testa 

Since  the  effective  cross  section  of  a  test  piece  reduces  by  crack  propagation  constant  load 
tests  involve  an  increasing  stress  situation.  Consequently  such  tests  are  more  likely  to  lead  to  early 
failure  or  total  failure  than  constant  strain  tests.  The  latter,  because  of  the  associated  relaxation, 
can  produce  cracks  that  eventually  stop  propagating  and  so  total  failure  may  not  be  observed..  In  fact, 
cracks  that  cease  to  propagate  may  also  occur  in  constant  load  tes^s,  probably  as  the  result  of  creep 
exhaustion  where  the  latter  is  an  Important  parameter  in  cracking.'  If  constant  load  tests  are  employed 
in  relation  to  test  pieces  of  relatively  large  cross  section  they  will  Involve  the  use  of  masuive  loads 
or  lever  systems.;  This  is  sometimes  avoided  by  reducing  the  size  of  the  specimen,  possibly  to  very  fine 
wires.  The  latter  is  dangerous  unless  failure  by  stress  corrosion  cracking  is  confirmed  by,  say,  metal¬ 
lography,  since  failure  may  result  from  simple  pitting  and  an  attendant  Increase  in  the  effective  stress 
to  the  U.T.S.  in  some  stress  corrosion  environments. 

Constant  Strain  date  Testa 

Such  tests  have  not  as  yet  had  extensive  application,  possibly  because  it  may  be  thought  that 
the  pulling  of  specimens  to  failure  at  a  slow  strain  rate  shows  little  relation  to  the  reality  of  service 
failures.  In  point  of  fact  in  constant  total  strain  and  constant  load  tests,  crack  propagation  also 
occurs  under  conditions  of  slow  dynamic  strain  to  a  greater  or  less  extent  depending  upon  the  initial 
value  of  stress  in  relation  to  the  effective  yield  stress  of  the  test  piece.  There  are  some  additional 
features  associated  with  constant  strain  rate  tests  that  in  the  future  may  lead  to  their  more  extensive 
use  in  routine  laboratory  testing.  Thus,  they  are  a  relatively  severe  type  of  test  in  the  sense  that 
they  frequently  promote  stress  corrosion  failure  in  the  laboratory  where  other  tests  on  plain  specimens 
do  not  promote  cracking,  and  in  this  sense  they  are  In  a  similar  category  to  tests  on  pre-cr<tcked  specimens .- 
Moreover,  constant  strain  rate  testa  are  positive  in  that  they  invariably  produce  fracture,  either  by  stress 
corrosion  or  some  other  mechanism  and  this  in  a  relatively  short  period  of  time.;  Since  the  results  from 
most  stress  corrosion  tests  are  simply  used  for  comparative  purposes,,  the  data  they  provide  having  little 
absolute  significance,  there  Is  clearly  sometimes  merit  in  having  a  f  irm  of  test  that  Is  severe,  positive 
and  rapid,  especially  for  purposes  of  Initial  sorting. 

The  most  important  feature  of  constant  strain  rate  tests  Is  concerned  with  the  particular  value 
of  the  strain  rats  employed..  Clearly  If  this  Is  too  high  ductile  fracture  will  ensue  before  the  neces¬ 
sary  reactions  can  take  place,  consequently  relatively  low  strain  rates,  usually  in  the  region  of  lO-^sec"1, 
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Mad  to  bo  employed.  It  la  poaslbla  in  km  caaas  however  for  the  strain  rat®  to  ba  too  lov.  Thus,  If 
the  >nn  rrumnnt  la  coo  tba.  produces  filming  of  tbe  natal  surface,  and  probably  alnoat  every  stissa  corro- 
alon  environment  comem  Into  ttaia  category,  than  at  vary  alow  strain  rates  flln  repair  nay  ba  fast  enough 
to  keep  pace  with  the  rate  at  which  ban  natal  la  fomed  so  that  the  cracking  reaction  is  not  sustained. 
Figure  3  Illustrates  this  point  schenatlcally  and  suggests  that  the  nost  appropriate  strain  rate  for 


Figure  2.  Schematic  Illustration  of  the  effect  of  strain  rate  upon 
stress  corrosion  susceptibility  In  a  filming  environnent. 

producing  stress  corrosion  cracking  will  vary  from  system  to  system  and  should  be  determined  for  each 
case .. 


The  usual  means  of  indicating  whether  or  not  stress  corrosion  cracking  has  occurred  in  a  static 
teat  is  the  time  to  failure,  wnereas  such  a  parameter  would  not  appear,  at  least  at  first  sight,  to  be 
appropriate  in  the  case  of  constant  strain  rate  tests.  Metallographic  examination  can  confirm  whether  or 
not  stress  corrosion  cracking  has  occurred  during  a  constant  strain  rate  test,  although  this  does  not 
usually  lead  to  a  quantifiable  result  for  purposes  of  comparison.  The  more  obvious  qu'intltatlve  measures 
of  stress  corrosion  susceptibility  in  a  constant  strain  rate  test  are  ductility  parameters,  such  as  per¬ 
cent  reduction  in  area  or  elongation,  the  maximum  load  achieved  or  the  area  under  the  stress-strain  curve, 
all  of  which  will  be  reduced  from  the  values  observed  with  ductile  failure  when  stress  corrosion  cracks 
are  present.  In  fact  the  time  to  failure  in  a  constant  strain  rate  test  also  may  be  used  in  comparing 
cracking  tendencies,  since  the  lesser  the  intensity  of  stress  corrosion  cracking  the  greater  will  be  the 
ductility  to  fracture  and,  therefore,  the  greater  the  time  to  fracture  at  a  constant  strain  rate. 

P  re -Cracked  Teat  Pieces 


The  developments  in  fracture  mechanics  in  the  last  decade  have  resulted  in  the  evolution  of 
a  whole  new  field  of  stress  corrosion  testing  involving  the  use  of  specimens  containing  a  sharp  pre-crack, 
usually  produced  from  a  notch  by  subjecting  the  specimen  to  fatigue.  It  frequently  has  been  claimed  of 
pre-cracked  specimens  that  they  circumvent  the  initiation  stage  of  cracking  in  plain  specimens,  erroneously 
assumed  invariably  to  be  related  to  the  creation  of  a  corrosion  pit  that  eventually  leads  to  cracking  and 
failure..  Whilst  the  initiation  of  stress  corrosion  cracking  may  be  different  in  plain  and  pre-cracked 
specimens,  because  of  their  differing  geometries  promoting  different  stress  distributions,  it  is  extremely 
doubtful  if  initiation  is  circumvented  with  pre-cracked  specimens  because  the  initiation  of  stress  corro¬ 
sion  cracks  in  many  cases  involves  the  establishment  of  a  localized  electrochemical  condition  within  the 
confines  of  a  geometrical  discontinuity.  What  may  be  more  disturbing  in  this  context  is  the  possibility 
that  in  some  instances  the  mechanism  of  cracking  may  be  changed  when  a  stress  corrosion  crack  is  initiated 
from  the  tip  of  a  fatigue  crack  rather  than  at  a  plain  surface.:  Thus,  instances  are  known  of  materials 
falling  by  intergranular  cracking,  and  possibly  therefore  resultli  ‘rom  an  active  path  mechanism,  when 
tested  as  plain  specimens  but  falling  in  a  transgranular  mode,  ana  refore  possibly  by  a  different 

mechanism,  when  the  crack  is  propagated  from  a  sharp  discontinuity..  To  argue  as  to  which  type  of  test 

is  correct  in  the  light  of  such  results  is  invidious,  but  such  differences  have  inevitably  led  to  queries 
as  to  whether  the  same  phenomena  are  occurring  in  the  different  tests.  However,  in  most  cases  it  appears 
reasonable  to  assume  chat  the  difference  between  the  two  types  of  test  will  be  minimal,  not  least  because 
once  a  crack  initiated  in  a  plain  specimen  has  reached  an  appropriate  size  the  test  has  obvious  similarities 
to  one  involving  the  use  of  a  pre-cracked  specimen,  i.e.,  the  concepts  of  fracture  mechanics  are  applicable 
to  an  initially  plain  specimen.. 

There  are  presently  two  major  problems  associated  with  the  use  of  pre-cracked  specimens  in 
Stress  corrosion  testing,  one  concerned  with  specimen  dimensions  and  the  other  with  the  reproducibility 
of  results.  In  order  to  achieve  the  plane  strain  conditions  that  must  obtain  if  elastic  stress  i  alysis 
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is  to  be  applicable,  the  speciaen  aiae  for  highly  ductile  Materials  is  iapractlcably  large..  Since  it  is 
probable  that  aost  service  stress  corrosion  failures  occur  in  highly  ductile  Materials  In  relatively  thin 
sections  it  is  clear  that  fracture  Mechanics,  as  currently  developed,  is  not  applicable  in  Many  instances. 

■here  the  data  free  p re -cracked  speciaen  tests  is  used  for  design  purposes,  m.f  in  defining 
the  aaxlMua  permissible  crack  size  for  non-propagation,  it  ia  necessary  to  recognise  that  fracture  tough¬ 
ness  properties  are  not  so  reproducible  as  those  parameters,  yield  stress  end  ultimate  tensile  stress, 
that  engineers  are  More  faailiar  with  in  design  calculations.  Thus,  the  variability  between  different 
heats  of  nominally  the  ease  con  position  and  beat  treatment  determined  in  the  eaae  laboratory,  or  between 
results  available  in  the  literature  from  different  laboratories,  can  be  alarmingly  large.  For  18%  Hi 
maraglng  steel  heat  treated  to  a  nominal  yield  stress  of  250  ksi  and  tested  in  3-3.5%  XaCl  solution 
gjgcc  values  reported  in  the  literature  very  from  10  to  50  ksi  JTn,  whereas  the  yield  or  ultimate  tensile 
stress  would  not  be  likely  to  va.y  by  core  than  a  few  per  cent.  Whether  such  variations  in  Ijgrx  *re  due 
to  inherent  differences  between  heats  of  nominally  the  same  material  or  are  the  result  of  small  differences 
in  technique  between  different  laboratories  is  not  known. 


E  MV I BOHMENTAL  ASPECTS  or  TESTING 

Whilst  it  is  inevitable  that  the  environment  will  always  remain  aa  one  of  the  variables  that 
may  need  to  be  assessed  by  stress  corrosion  tests,  nevertheless  certain  solutions,  by  their  widespread 
uae  over  many  years,  have  tended  to  become  'standard  teat  solutions'  for  certain  types  of  alloy,  e.g. 

MgCl2  for  austenitic  steels,  3.5%  NaCl  for  aluminium  alloys  and  nitrates  for  ferritic  s taels.  Whilst 
the  preparation  of  nominally  Identical  solutions  in  different  laboratories  would  not  be  expected  to  lead 
to  differences  in  the  solutions  that  would  markedly  influence  stress  corrosion  test  results,  this  is  not 
invariably  so.  Thus,  variations  in  the  boiling  points  of  MgCl2  solutions  nay  result  from  the  preparation 
of  solutions  from  salts  that  have  picked-up  different  amounts  of  moisture,  3.5%  NaCl  may  contain  different 
amounts  of  oxygen  and  boiling  nitrate  solutions  nay  acquire  widely  differing  pH  values,  all  of  which  may 
Influence  the  results  from  stress  corrosion  tests.  Even  where  the  use  of  'standard'  solutions  does  not 
raise  such  problems,  there  are  other  situations  where  their  use  is  questionable.  Thus,  they  are  some¬ 
times  used  to  indicate  the  relative  susceptibilities  of  a  range  of  alloys  or  heat  treatments  and  the 
assumption  made  that  this  order  will  remain  the  same  in  other  environments.  Such  practice  May  soHetlwes 
be  permissible,  but  in  other  cases  the  results  may  be  very  different  from  those  expected.  For  example, 
the  addition  of  about  0.5%  A1  to  a  carbon  steel  will  considerably  increase  its  resistance  to  cracking  in 
nitrate  solution  but  in  higher  pH  environments,  such  as  strong  NaOH  solutions,  the  A1  addition  has  virtually 
no  effect. 


Electrochemical  Aspects  of  Testing 


The  electrochemical  nature  of  the  reactions  involved  in  stress  corrosion  cracking  permit  the 
cracking  to  be  Influenced  by  the  application  of  current  or  potential  from  an  external  source.  The  usual 
reason  for  impressing  current  upon  stress  corrosion  test  specimens,  where  data  collecting  is  the  objective, 
is  to  reduce  the  time  to  failure  and  there  is  no  reason  why  such  a  method  should  not  be  used  providing 
adequate  care  Is  taken  to  ensure  that  the  mechanism  of  failurs  is  not  changed  from  that  which  operates  at 
the  free  corrosion  potential  and  that  the  data  correlates  well  with  service  experience.  It  should  not  be 
assumed  that  if  a  galvanostatic  technique  is  used  the  effect  will  simply  be  to  Influence  the  kinetics  of 
cracking,  since  the  applied  current  is  also  likely  to  alter  the  potential  and  this  could  promote  a  differ¬ 
ent  response.. 


The  effect  of  potential  upon  cracking  response  will  vary  from  one  system  to  another,  but  some 
aspects  of  this  part  of  stress  corrosion  testing  may  be  conveniently  discussed  in  relation  to  the  cracking 
of  carbon  steels.  These  materials  fail  in  different  ranges  of  potential  according  to  the  environment  in 
which  they  aru  ir-mersed,  Figure  3  showing  the  cracking  ranges  for  a  mild  steel  in  hydroxide,  carbonate  and 
nitrate  solutions  respectively.  The  tests  used  in  determining  the  results  shown  in  Figure  3  involved 
potentlostatlc  control  whilst  the  specimen  was  subjected  to  a  constant  slow  strain  rate  and  the  times  to 
failure  in  such  tests  have  been  normalized  by  dlvidl  g  by  the  time  to  failure  in  oil  at  the  same  strain 
rate  and  at  the  appropriate  temperatures  for  each  solution.  The  free  corrosion  potentials  for  this  steel 
in  these  three  different  environments  are  also  indicated  or  Figure  3  and  show  that  whilst  failure  could 
occur  in  the  nitrate  at  the  free  corrosion  potential,  this  would  not  be  so  in  the  hydroxide  or  carbonate 
solutions.  This  does  not  mean  that  carbon  steels  will  never  fall  by  stress  corrosion  cracking  in  these 
latter  two  environments  at  the  free  corrosion  potential,  cut  simply  that  this  particular  steel  in  the 
particular  solutions  used  in  these  experiments  did  not  fail  at  the  free  corrosion  potential.  The  latter 
is,  of  course,  dependent  upon  the  composition  of  the  steel  and,  more  markedly  so,  upon  the  composition 
of  the  environment.  It  is  possible  therefore  that  as  the  result  of,  say,  small  additions  to  the  environ¬ 
ment,  added  intentionally  or  present  as  impurities,  or  of  changes  in  the  composition  of  the  steel,  the 
corrosion  potential  can  be  caused  to  lie  within  the  cracking  range  so  resulting  in  stress  corrosion  without 
applied  potential.  It  is  apparent  from  Figure  3  that  relatively  small  changes  in  potential,  not  exceeding 
about  100  mV,  may  produce  a  marked  change  in  cracking  response.  This  points  to  the  necessity,  especially 
In  laboratory  tests  attempting  to  simulate  a  service  failure,  of  reproducing  the  environmental  conditions 
with  precision  and  especially  so  the  relevant  potential. 
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Figure  3.  Stress  corrosion  susceptibility  of  low  carbon  steel  in 
constant  strain  rate  tests  in  various  environments  at 
different  potentials. 


CONCLUSION 


Various  other  aspects  of  stress  corrosion  testing,  such  as  the  effects  of  surface  finish  and 
exposed  area,  the  design  of  test  cells  and  experimental  details  concerned  with  the  initiation  of  tests, 
are  dealt  with  in  some  detail  in  the  fuller  paper  of  the  European  Federation  Wotking  Party  and  which 
space  restrictions  have  prevented  mention  of  herein.  Whilst  these  points,  together  with  those  mentioned 
in  the  present  paper,  serve  to" indicate  the  complexities  and  potential  pitfalls  in  stress  corrosion  testing, 
they  also  point  to  the  need  for  some  rationalization  in  the  field  of  stress  corrosion  test  methods..  And 
yet  there  is  a  case  for  some  diversity  in  relation  to  simulation  of  service  conditions,  since  stress  corro¬ 
sion  failures  in  service  do  initiate  at  plain  surfaces,  and  frequently  without  pitting,  as  indeed  they  do 
at  geometrical  discontinuities,  whether  the  latter  be  cracks  or  other  defects  or  Intentional  features  of 
design.  It  is  necessary  constantly  to  remember  that  in  the  final  analysis  laboratory  tests  must  relate 
to  service  experience,  pointing  to  the  continuing  necessity  for  simulative  tests. 
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(SUMMARY 


to  this  paper,  the  need  for  recognizing  certain  potentially  serious  problems  to  the  development  of  standard 
test  methods  for  stress  corrosion  cracking  studies  is  discussed.  The  importance  of  recognizing  and  satisfying  the 
basic  assumptions  of  the  linear-elastic  fracture  mechanics  analysis  In  experimentation  Is  re-emphasized.  The 
effects  of  nonsteady-state  crack  growth,  including  incubation,  must  be  taken  into  account  in  determining  the  crack 
growth  kinetics.  These  effects  and  the  influences  of  steady-state  crack  growth  kinetics,  as  well  as,  a  host  of  geo¬ 
metrical,  material  and  environmental  variables,  must  be  considered  in  arriving  at  suitable  criteria  for  deter¬ 
minations. 


LIST  OF  SYMBOL 


a  crack  length 

da/dt  rate  of  crack  growth 

K  crack-tip  stress-intensity  factor 

K[  crack-tip  stress-intensity  factor  for  the  opening  mode 

K|C  plane-strain  fracture  toughness 

Kn  initial  value  of  Kj 

Kiscc  apparent  threshold  Kj  for  stress  corrosion  cracking 
t  time 

tjr  time-to-failure  or  life 

tjjjc  incubation  time 

tgc  time  for  crack  growth 

T  temperature 

W  specimen  width 

Y(a/W)  a  geometrical  parameter 

(T  nominal  applied  stress  or  gross-section  stress 


APPENDIX 

ASTM  COMMITTEE  E-24  ON  FRACTURE  TESTING  OF  METALS 

ASTM  Committee  E-24  on  Fracture  Testing  of  Metals  is  one  of  the  standing  committees  of  the  American  Soci¬ 
ety  for  Testing  and  Materials.  The  scope  of  the  Committee  is  as  follows :• 

To  pro  note  knowledge  and  advancement  in  the  field  of  fracture  testing  by: 

(a)  Promoting  research  and  development  on  methods  for  appraisal  of  the  fracture  resistance  of 
metale. 

(b)  Developing  recommended  practices,  methods  of  test,  definitions,  and  nomenclature  for 
fracture  testing  of  metals,  exclusive  of  fatigue  testing. 

(c)  Sponsoring  technical  meetings  and  symposia  Independently  or  In  cooperation  with  c'.ker 
organizations. 

(d)  Coordinating  the  committee  act'  dties  with  those  of  other  relevant  ASTM  committees  and 
other  organizations. 

It  is  organized  Into  six  Subcommittees  and  one  Task  Group  as  shown  in  the  accompanying  orgar  Izational  chart.  Three 
of  the  Subcommittees  (E-24. 01,  E-24.  03  and  E-2“t.  04)  are  primarily  responsible  for  test  methods  development. 

E-24.  02  and  E-24.  06  serve  in  an  advisory  capacity  relating  to  metallurgical  and  design  aspects  of  fracture  and  sub- 
critical-crack  growth.  E-24. 05  is  concerned  with  nomenclature  and  definition  of  terms  used  in  fracture  testing. 

The  Fracture  Mechanics  Ta^k  Group  provides  support  in  the  theoretical  aspects  of  fracture  mechanics. 

ORGANIZATIONAL  CHART 
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SOME  IMPORTANT  CONSIDERATIONS  IN  THE  DEVELOPMENT 
OF  STRESS  CORROSION  CRACKING  rEST  METHODS 

R.  P.  Wei,  S.  R.  Novak,  and  D.  P.  Williams 


INTRODUCTION 

The  application  of  linear  elastic  fracture  mechanics  analyses  to  the  study  of  stress  corrosion  cracking  and 
other  subcr  Itical-crack  growth  problems  has  undergone  considerable  development  during  the  past  ten  years  and  has 
met  with  considerable  success.  Members  of  both  ASTM  Committee  E-24  on  Fracture  Testing  of  Metals  and  ASTM 
Committee  G-l  on  Corrosion  of  Metals  have  participated  actively  in  the  development  and  use  of  fracture  mechanics 
in  stress  corrosion  cracking  studies  (more  generally,  subcrltlcal-crack  growth  studies)  in  the  United  States,  through 
their  respective  subcommittees  and  task  groups.  Justification  for  the  use  of  Kj  (the  crack-tip  stress-intensity  factor 
for  opening  mode)  to  characterize  the  mechanical  crack  driving  force  in  stress  corrosion  cracking  has  been  reviewed 
by  Johnson  and  Paris  [1]  and  by  Wei  [2].  Further  experimental  verification  has  been  provided  by  the  recent  results 
of  Smith  et  al  [3]  and  h  vak  and  Rolfe  [4].  With  the  increasing  acceptance  of  the  fracture  mechanics  approach,  and 
the  attendant  proliferation  of  new  test  methodology  and  terminology,  it  has  become  necessary  and  desirable  to 
establish  test  standards,  as  early  as  possible,  for  the  orderly  development  of  this  Important  field.  ASTM  Committees 
G-l.  06  and  E-24. 04  have  jointly  undertaken  this  task  for  developing  fracture  mechanics  based  test  methods.  Like 
all  other  ASTM  committees,  Committee  E-24  functions  through  the  interest  and  voluntary  efforts  of  Its  Individual  and 
corporate  members.  The  organizational  structure  and  scope  of  ASTM  Committee  E-24  and  of  its  various  subcom¬ 
mittees  are  summarized  in  the  Appendix.  In  developing  these  recommended  test  methods,  It  Is  worthwhile  to  re¬ 
examine  the  basic  assumptions  of  the  analyses  and  the  various  other  problems  associated  with  stress  corrosion 
testing  to  ensure  proper  development  and  utilization  of  test  methods  and  correct  Interpretation  of  test  results. 

Experimental  measurements  of  stress  corrosion  cracking  susceptibility  using  precracked  specimens  follow 
essentially  two  related  approaches.  The  choice  of  a  particular  approach  Is  determined  In  part  by  tradition  and  moti¬ 
vation  and  In  part  by  practical  considerations  of  experimentation  and  cost.  The  simpler  and  more  commonly  used 
approach  involves  the  measurement  of  the  tlme-to-fallure,  tp,  (or,  life)  for  precracked  specimens  under  different 
applied  loads,  and  the  determination  of  a  so-called  threshold  Kj  (designated  as  Ki8CC)  below  which,  presumably,  no 
failure  can  occur  as  a  result  of  stress  corrosion  cracking  [4,5].  The  level  of  Kiscc  to  relation  to  Kjc,  the  plane- 
strain  fracture  toughness  of  a  material,  gives  a  measure  of  Its  stress  corrosion  cracking  susceptibility,  and  is  often 
used  in  material  selection  and  design  [1].  This  approach  Is  akin  to  that  utilized  in  conventional  stress  corrosion 
testing  with  smooth  or  mildly  notched  specimens,  and  Is  widely  used  to  engineering  and  scientific  research  at  the 
present  time.  The  other  approach  Is  somewhat  more  complex  and  involves  the  determination  of  the  crack  growth 
kinetics,  that  Is,  measurements  of  the  rate  of  crack  growth,  da/dt,  as  a  function  of  the  mechanical  crack-driving- 
force,  characterized  by  Kj,  under  controlled  test  conditions.  This  approach  requires  greater  effort  and  more 
sophisticated  Instrumental  Ion.  It  promises,  however,  to  provide  more  useful  information  for  quantitative  design 
and  life  estimation,  and  for  understanding  the  basic  mechanisms  for  stress  corrosion  cracking.  The  kinetic 
approach  has  begun  to  receive  greater  attention  in  recent  year6,  and  has  been  of  primary  Interest  u,  the  members  of 
Committee  E-24. 04. 

Experiences  acquired  during  recent  studies  of  the  crack  growth  kinetics  suggest  that  there  are  several  pro¬ 
blems  which  can  affect  bot’i  the  determination  of  crack  growth  kinetics  and  that  of  Kibcc.  These  problems  must  be 
taken  Into  consideration  i :  developing  standard  methods  of  test  for  stress  corrosion  cracking.  A  brief  review  of 
these  problems  is  made.  The  implication  of  these  problems  in  terms  of  suggested  criteria  for  Kjscc  determination 
and  to  terms  of  the  Kjscc  concept  Itself  are  discussed.  Possible  methods  for  circumventing  these  problems  are 
considered.  Since  the  test  methods  are  based  on  linear  elastic  fracture  mechanics,  it  is  appropriate  to  review 
briefly  the  essential  assumptions  of  this  approach.  The  basic  test  methods  are  also  indicated. 

ANALYTICAL  FRACTURE  MECHANICS  CONSIDERATIONS 

Since  crack  growth  and  stress  corrosion  attack  would  be  expected  to  occur  in  the  highly  stressed  region  at  the 
crack-tip,  the  stress  (or,  strain)  distribution  to  this  region  is  of  primary  importance.  It  has  been  shown  that  the 
crack-tip  stress  and  displacement  fields  for  an  Isotropic  elastic  body  can  be  characterized  in  terms  of  a  single  para¬ 
meter  K,  the  crack-tip  stress-intensity  factor,  which  governs  the  InUnsity  or  magnitude  of  the  local  stresses  at 
the  crack-tip  [6-8].  The  crack-tip  stress-intensity  factor  K  depends  oi  the  type  of  loading  and  on  the  configuration  of 
the  body,  Including  the  size  and  shape  of  the  crack.  K  factors  for  many  different  loading  conditions  and  body  config¬ 
urations,  and  numerical  solutions  for  K  factors  of  practical  test  specimens  have  been  well  documented  to  the  litera¬ 
ture  [7,9,10],  For  engineering  materials,  so  ns  plastic  deformation  will  occur  in  a  region  near  the  crack-tip.  If 
the  zone  of  plastic  deformation  is  small  to  comparison  with  the  crack  size  and  with  other  planar  dimensions  of  the 
body,  the  stress  distribution  in  the  large  will  not  be  seriously  disturbed.  The  elasticity  solutions  will  then  represent 
a  reasoj_able  approximation  of  the  stress  and  displacement  fields  near  the  crack-tip.  Since  the  small  zone  of  plas¬ 
tically  deformed  material  at  the  crack-tip  is  contained  within  the  surrounding  elastic  material,  it  is  reasonable  to 
expect  that  the  behavior  in  this  region  would  be  governed  by  the  'urroundlng  elastic  material  and,  thus,  be  charac¬ 
terized  by  the  crack-tip  stress-intensity  factor  K.  Hence,  it  seems  most  appropriate  to  use  the  crack-tip  stress- 
intensity  factor  K  to  characterize  the  mechanical  crack-driving-force.  For  stress  corrosion  cracking  studies,  the 
stress-intensity  factor  for  the  opening-mode  (mode  I)  of  crack  growth,  Kj,  is  generally  used,  since  the  opening- 
mode  predominates  in  sixes  j  corrosion  cracking  [2, 6, 7]. 


The  use  of  the  crack-tip  stress-intensity  footer  Kj,  defined  by  linear  elasticity,  to  characterize  the  mechani¬ 
cal  crack  driving  force  is  predicated,  therefore,  on  the  assumption  of  limited  plasticity.  The  applicability  of  this 
approach  to  stress  corrosion  cracking  and  other  fracture  studies  will  depend  on  the  experimental  fulfillment  of  this 
fundamental  assumption.  Specimen  size  requirements  based  on  this  assumption  have  been  discussed  by  Brown  and 
Srawley  [9]  and  by  Wei  (2).  Specific  requirements  pertaining  to  valid  determinations  of  Kigcc  and  the  influence  of 
specimen  size  on  the  apparent  Kjgcc  are  discussed  in  detail  by  Novak  in  a  separate  paper  [11).  These  requirements 
and  specimen  size  effects  must  be  clearly  understood  before  meaningful  standard  test  procedures  can  be  developed. 

BASIC  TEST  METHODS 

Various  types  of  specimens  and  methods  of  loading  can  be  used  to  determine  the  stress  corrosion  cracking 
properties  of  materials.  The  fracture  mechanics  based  specimens  may  be  broadly  separated  into  three  groups: 

1.  Constant  load,  increasing  Kj  specimens 

2.  Constant  displacement,  decreasing  Kj  specimens 

3.  Constant  Kj  specimens. 

The  first  group  of  specimens  is  exemplified  by  the  cantilever-bend  specimens;  the  second,  by  the  bolt-loaded  WOL 
specimens;  and  the  third,  by  tapered  DCB  specimens  subjected  to  constant  applied  load..  Of  course,  by  judicious 
placement  of  loads  and  choice  of  loading  conditions,  increasing  or  decreasing  Kj  conditions  may  be  obtained  on  any 
of  these  specimen  groups.  Specimens  of  the  first  and  second  groups  have  been  commonly  used  for  kinetic  studies 
and/or  Kjscc  determinations.  Problems  associated  with  the  use  of  these  types  of  specimens  will  be  discus  Bed  below. 

KINETICS  OF  CRACK  GROWTH  AND  LIFE  (TIME-TO- FAILURE) 

In  studying  crack  growth  under  stress  corrosion  conditions,  it  has  been  generally  assumed  that  there  is  a 
one-to-one  correspondence  between  the  rate  of  crack  growth  and  the  mechanical  crack  driving  force  characterized  by 
Kj.  This  correspondence  certainly  exists  for  the  case  of  steady-state  crack  growth,  and  must  be  true  if  Kj  is  to  be  a 
proper  representation  of  the  crack  driving  force.  Th*e  correspondence,  however,  does  not  preclude  the  occurrence 
of  a  number  of  non-steady-state  phenomena.  Close  examination  of  the  crack  growth  process  shows  that  crack 
growth  occurs  in  six  stages:: 

1.  Crack  growth  on  rising  load 

2.  Initial  transient  crack  growth 

3.  Incubation  period* 

4.  Crack  acceleration 

5.  Steady-state  crack  growth 

6.  Onset  to  failure  or  crack  growth  instability. 

The  occurrence  of  crack  extension  on  loading,  followed  by  transient  growth,  has  been  observed  by  Lt  et  al.  [12), 
Barsom  (13),  and  Landes  and  Wei  [14).  This  behavior  is  Illustrated  schematically  In  Figure  1.  Following  the  Initial 
transient  growth,  the  crack  appears  to  stop  growing,  or  enter  an  incubation  period,  before  accelerating  again  to  some 
steady-state  rate  of  growth  appropriate  to  the  prevailing  Kj.  Landes  and  Wei  showed  that  this  nonsteady-state  growth 
period  is  a  function  of  Kj  and  of  the  test  temperature,  Figures  2  and  3  [14).  The  incubation  period  and  the  period  of 
accelerating  crack  growth,  leading  to  steady-state  growth  are  illustrated  more  clearly  by  the  recent  results  of  Hudak 
and  Wei  [15],  Figure  4.  **  The  existence  of  an  Incubation  period  for  precracked  specimens  has  been  demonstrated 
by  Benjamin  and  Stelgerwald  [16]  on  AISI  4340  steel  tested  in  water.  These  authors  showed  that  the  incubation  period 
is  affected  by  prior  history  [16],  The  strong  dependence  of  the  incubation  period  on  Kj  is  shown  by  the  recent  results 
of  Novak  [17]  for  a  highly  alloyed  180  ksi  yield-strength  steel  tested  In  synthetic  sea  water  (ASTM  Designation  D-1141- 
52)  at  room  temperature,  Table  I.  These  results  show  that  the  Incubation  period  can  be  quite  long  In  certain  alloy- 
environment  systems.  TABLE  I 

Influence  of  Kj  on  Incubation  Time 

CONSTANT-DISPLACEMENT  WOL  SPECIMENS 
(Decreasing  Kj) 

I  I  Extent  of  Crack  Growth  (inch)  after  I 


Kj)  (ksi  /in) 

300  hrs 

700  ijjs 

1400  hrs 

2200  hrs 

3500  hrs 

5000  hrs 

180 

ND 

0. 35 

0.76 

1.00 

1.12 

— 

150 

ND 

ND 

ND 

0.28 

0.52 

0.61 

120 

ND 

ND 

ND 

ND 

0.03 

0.045 

90 

ND 

ND 

ND 

ND 

ND 

0.045 

ND  -  No  Detectable  Growth 


*  Incubation  period  is  defined  as  that  period  during  which  the  rate  of  crack  growth  Is  much  less  than  10't>  inch  per 
minute. 

**  Crack  growth  was  monitored  by  a  displacement  gage.  The  oscillatory  nature  of  the  steady-state  growth  rate 
shown  in  Fig.  4  is  principally  an  artifact  introduced  by  changes  in  displacement  that  result  from  oscillations  in 
the  dead-weight  loading  device. 
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Figure  !:•  Schematic  Illustration  of  Sustained-Load  Crack  Growth  Behavior  [14] 


Figure  2:-  Kinetics  of  Sustained- Load  Crack  Growth  Showing  the  Effect  of  Initial  Kj  [14] 


Figure  3..  The  Influence  of  Kji  and  Test  Temperature  on  the  Period 
of  Non-Steady-State  Crack  Growth  [  14] 
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Figure  4:-  Sustained-Load  Crack  Growth  under  Constant  Kj  Showing  Incubation, 

Crack  Acceleration  and  Steady-State  Stages  of  Crack  Growth  [151. 

Typical  steady-state  crack  growth  response  as  a  *•  iction  of  Kj  is  illustrated  by  the  results  of  Williams  [18], 
Figure  5,  and  Is  also  shown  schematically  in  Figure  6a.  Steady-state  crack  growth  kinetics  may  be  divided  into 
three  regions.  Region  I  is  highly  deperdent  on  Kp  and  may  reflect  crack  acceleration  for  certain  types  of  tests. 


Figure  5:  Typical  Steady-State  Crack  Growth  Kinetics  [18] 

Region  II  is  nearly  Independent  of  Kj  and  represents  a  range  where  crack  growth  is  limited  bv  the  embrittling  chemi¬ 
cal  process.  In  region  III,  crack  growth  approaches  the  condition  for  unstable  growth.  For  high  strength  materials, 
under  conditions  approximating  plane-strain,  the  condition  for  the  onset  of  unstable  growth  is  defined  by  K|  =  Kic, 
where  Kjc  is  the  plane-strain  fracture  toughness  of  the  material. 

The  life  of  a  specimen  is  a  function  of  both  the  incubation  and  crack  growth  processes.  A  typical  time-to- 
failure  (life)  versus  Kj|  curve  for  a  constant-load,  increasing  K  specimen  is  illustrated  schematically  in  Figure  6b, 
where  Kj|  denotes  the  initial  applied  stress-lnte.isltv  factor..  The  tlme-to-failure  (tjr)  is  composed  of  an  incubation 
period  (tjjjQ)  and  a  period  of  slow  crack  growth  (tsc). 

lF  =  llNC  f  lSC  (1> 

The  incubation  time  is  a  function  of  K(  and  of  prior  history  [15-17].  The  period  for  slow  crack  growth  depends  on  the 
specimen  configuration,  type  of  loading  and  the  details  of  the  crack  growth  kir  tics  12,  18].  The  time-lo-failure  is 
related  Inversely  to  the  rate  of  crack  growth,  Figure  6,  and  may  be  estimated  jrom  the  kinetic  data.  The  general 
form  of  the  crack  growth  kinetics  may  be  expressed  as  fol!  jws  ■ 


(2) 


da  G  (K|>  Kq,  T,  and  other  material, 
dt  ~  environment  and  test  variables) 

where  T  is  the  test  temperature.  The  inclusion  of  Kq,  the  initial  stress-intensity  factor,  reflects  the  recognition 
that  a  steady-state  rate  of  crack  growth  may  not  be  established  immediately  on  loading.  Thus,  da/dt  can  be  depen¬ 
dent  on  time  for  a  given  Kq.  For  steady-state  crack  growth,  da/dt  becomes  simply  a  function  of  Kj  and  of  variables 
other  than  Kq,  and  is,  therefore,  independent  of  time. 

=  F  (KIt  T . )  (3) 


(a) 


(b) 


Figure  6:  Schematic  Representations  of  the  Crack  Growth  Kinetics 
and  Tlme-to-  Failure  under  Sustained  Loads 


Under  the  assumption  of  steady-state  crack  growth,  the  time-to-failure  for  a  typical  test  specimen  may  be  obtained 
by  direct  Integration,  when  the  applied  load  and  all  of  the  other  variables  are  maintained  constant.  For  constant  load 
tests:: 

dKi  =  dK,  da  =  dK,  F  (4) 

dt  da  dt  da 

Since,  for  the  steady-state  case,  the  rate  of  crack  growth  Is  time  Independent  Equation  4  may  be  Integrated  directly. 
Separation  of  variables  and  Integration  gives  the  time-to-failure  as.-' 

dt  =  ‘INC  +fK  ^  ^  •  F]  dKI  <5> 

The  Incubation  time  tjjjc  ,s  a  function  of  Kq,  the  Initial  stress-intensity  factor,  K,c  is  the  plane-strain  fracture 
toughness  of  the  material.  The  stress-intensity  factor  Kj  can  be  expressed  In  the  form  [9] :■ 

K,=  Cra*Y(^)  (6) 

where  0"=  the  nominal  applied  stress,  a  =  the  crack  length,  Y  (-^r)  =  a  parameter  representing  the  crack  and  speci¬ 
men  geometries,  and  W  =  the  specimen  width.  Inspection  of  Equations  (5)  and  (6)  indicates  that  the  time-to-failure 
will  depend  on  the  specimen  geometry  and  size.  For  example,  the  tlme-to-fallure  for  geometrically  similar  speci¬ 
mens  loaded  to  identical  Kq  levels  are  expected  to  be  different.  Similarly,  specimens  with  different  initial  crack 
sizes,  loaded  to  the  same  initial  Kq,  will  produce  different  lives.  Typical  ttme-to-failure  curves  computed  on  the 
basis  of  crack  growth  kinetics  and  assumed  crack  geometries  are  shown  in  Figures  7  and  8  [18].,  Even  though  the 
Incubation  time  and  non-steady-state  crack  growth  were  neglected  In  these  calculations,  the  essential  features  of  the 
tjr  versus  Kq  curves  are  reproduced.  It  is  clearly  seen  that  the  tlme-to-failure  is  related  to  the  crack  growth 
kinetics,  and  that  it  is  dependent  on  geometry  and  environmental  conditions. 

IMPLICATIONS  FOR  STRESS  CORROSION  CRACKING  STUDIES 

In  the  foregoing  discussion,  it  has  been  shown  that  the  steady-state  rate  of  stress  corrosion  c,  ack  growth  is 
uniquely  related  to  the  crack  driving  force,  with  other  conditions  being  constant.  The  mechanical  component  of  the 
crack  driving  force  may  be  characterized,  under  the  assumption  of  limited  plasticity,  by  the  crack-tip  stress-intensity 
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Figure  7:;  Computed  Time-to- Failure  Curves  (Excluding  Incubation  Time) 
Showing  the  Influence  of  Test  Temperature  [18]. 
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Figure  8:-  Computed  Tlme-to- Failure  Curves  (Excluding  Incubation  Time)  Shoving 
the  Effect  of  Gross-Section  Strr  'is  or  Initial  Crack  Size  [18].. 

factor,  Kj,  defined  by  linear  elastic  fracture  mechanics.  The  kinetic  Information  can  be  quite  useful  in  making  quanti¬ 
tative  estimates  of  the  cervice  lives  of  structural  components,  provided  that  the  Incubation  time  and  the  period  of  non- 
steady-state  crack  growth  can  be  handled  in  some  satisfactory  way.  The  existence  of  an  incubation  period  and  non¬ 
steady-state  crack  growth  presents  serious  practical  problems  in  the  determination  and  utilization  of  crack  growth 
kinetics.  Figures  2  and  4  show  that  the  incubation  phenomenon  and  non-steady-state  crack  growth  can  lead  to  an  under 
estimation  of  the  steady-state  rate  of  crack  growth,  with  a  consequent  over-estimation  of  the  safe  operating  life. 

The  Incubation  phenomenon  and  the  crack  growth  kinetics  (for  both  the  steady-state  and  non-steady-state  cases) 
can  affect  the  evaluation  and  use  of  the  so-called  threshold  stress-intensity  factor  for  stress  corrosion  cracking, 


Kjicci  as  well.  Kinetic  data  are  sometimes  used  for  estimating  Kjacc-  If  the  apparent  rapid  decrease  in  the  rate  of 
crack  growth  shown  in  Figure  2  is  interpreted  as  an  approach  to  the  threshold  Kj  level,  erroneously  high  estimates  of 
Kiscc  would  result  The  estimated  value  of  KL%C  would  appear  to  depend  on  the  starting  Kj  level  (Ku)  used  in  testhag. 
For  the  usual  stress  corrosion  cracking  {life)  tests,  some  type  of  criteria  is  normally  used  to  terminate  the  test  and 
to  define  an  estimated  value  of  Kjgcc.  Usually,  Kjgcc  is  defined  as  that  Kj  level  at  which  "no  failure"  or  "no  observ¬ 
able  crack  growth"  has  occurred  after  some  prescribed  period  of  time.  Since  it  has  been  shown  through  considera¬ 
tion  ofthe  crack  growth  kinetics  that  the  time-to-failure  is  quite  dependent  on  the  loading  condition,  specimen  size 
and  geometry,  and  environmental  conditions,  such  criteria  can  leed  to  serious  errors  in  the  estimation  of  Kig^. 

The  problem  is  compounded  by  the  existence  of  incubation.  The  combined  effects  of  Incubation  and  crack  growth 
kinetics  on  the  apparent  K^c  obtained  from  constant  load,  cantilever  bend  tests  of  another  180  ksi  yield  strength, 
high  alloy  steel  in  synthetic  sea  water  at  room  temperature,  are  shown  in  Table  2.  It  is  seen  that  by  increasing  the 
cut-off  time  from  100  hours  to  10, 000  hours  (or  j  from  approximately  4  days  to  over  one  year),  the  apparent  Kjg^  is 
decreased  from  170  kei  /In,  to  25  ksi  /in.  (17],  Thus,  substantial  error  can  be  introduced  by  using  short-time  test 
data  in  design.  Because  the  apparent  are  so  dependent  on  test  procedures  and  conditions,  its  practical  utility 
must  be  carefully  rc-evaluated. 


TABLE  II 

Influence  of  Cut-Off  Time  on  Apparent 

CONSTANT-LOAD  CANTILEVER  BEND  SPECIMENS 
(Increasing  Kj) 

ELAPSED  TIME  APPARENT  KIscc 

(hours)  (ksi  /in) _ 

100  170 

1,000  115 

10, 000  25 


In  developicg  test  specifications,  one  must  be  certain  that  the  Incubation  period  and  the  non-steady-state  crack 
growth  processes  are  reduced  or  eliminated  In  experimentation,  and/or  taken  into  proper  consideration  in  data  reduc¬ 
tion  and  Interpretation.  The  Influence  of  the  kinetics  of  steady-state  crack  growth  should  also  be  considered.  For 
kinetic  studies,  constant  K  specimens  may  be  used.  The  testing  time  at  each  Kj  level,  however,  must  be  sufficiently 
long  to  ensure  the  establishment  of  steady-state  cond.tlons.  The  Incubation  time  at  low  Kj  levels  may  be  too  long  to 
justify  the  use  of  this  test  method.  Since  the  incubatici  time  is  expected  to  be  much  shorter  at  high  Kj  levels,  Table  I, 
the  use  of  a  constant  displacement,  decreasing  K  specitren  may  be  more  attractive.  Experience  with  this  type  of 
specimen  for  kinetic  studies  Is  limited  a  this  time.  Fur. her  development  will  be  required.  For  Klscc  determinations, 
this  type  of  specimen  has  been  used  and  offers  definite  advantages.  By  starting  at  high  Kj  levels,  it  is  expected  that 
the  long  incubation  times  can  be  avoided.  Schematic  repret  mtation  of  typical  test  results  from  such  tests  is  illus¬ 
trated  In  Figure  9.  Consideration  of  the  proper  cut-off  time  must  still  be  established.  Design  of  specimen  must  be 
such  that  the  decrease  in  Kj  with  crack  prolongation  Is  not  too  rapid.  A  rapid  decrease  may  produce  delays  in  crack 
growth  or  exhibit  the  pre-stresslng  effect  reported  by  Carter  with  consequent  over-estimation  in  Kiscc. 


Figure  9:-  Schematic  Representation  of  Typical  Stress  Corrosion 
Cracking  Behavior  in  a  Decreasing  K  Test 


SUMMARY 


in  this  paper,  the  need  fur  recognizing  certain  potentially  serious  problems  in  the  development  of  standard 
test  methods  for  stress  corrosion  cracking  studies  is  discussed.  To  obtain  valid  data  from  fracture  mechanics  baaed 
test  methods,  the  basic  assumptions  of  the  linear-elastic  fracture  mechanics  analyses  must  be  clearly  recognized 
and  satisfied  in  experimentation.  The  effects  of  incubation  and  non-steady-state  crush  growth  must  be  taken  into 
account  in  determining  the  crack  growth  kinetics.  These  effects  and  die  influence j  of  steady-state  crack  growth 
kinetics,  as  well  as,  a  host  of  geometrical,  material  and  environmental  variables,  must  be  considered  in  arriving 
at  suitable  criteria  for  Kjscc  determinations. 
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SYNOPSIS 


A  preliminary  analysis  is  presented  of  the  initial  results  of  the  Collaborative 
Testing  Programme  of  the  Stress  Corrosion  Cracking  (Fracture  Mechanics)  Working  Group  of 
the  BSC  Corporate  Laboratories.  In  this  analysis  the  results  are  interpreted  in  terms  of 
the  influences  of  specimen  geometry,  maximum  fatigue  pre-cracking  stress  intensity,  test 
temperature  and  laboratory  error.  It  is  concluded  that  the  only  significant  errors  can 
be  attributed  to  differences  in  the  calibration  and  accuracy  of  testing  equipment  between 
the  participating  laboratories  and  to  failure  to  adhere  to  the  recommended  testing 
procedure  which  is  found  to  be  satisfactory  for  the  materiel  and  environment  which  were 
used. 


CDHREHT  PROGRESS  IN  THE  COLLABORATIVE  TESTING  PROGRAMME  OF  THE 
STRESS  CORROSION  CRACKING  ( FRACTURE  MECHANICS)  WORKING  GROOP 


6-1 


A.-  E.  Prie6t  and  P.  McIntyre 


IKTRODOCTICW 


The  Stress  Corrosion  Cracking  (Fracture  Mechanics)  Working  Group  of  the  British  Steel  Corporation, 
Corporate  Laboratories  was  originally  formed  in  October,  1969  by  members  of  the  Fracture  Mechanics  (High 
Strength  Steels)  Working  Group  who  were  interested  in  the  application  of  fracture  mechanics  to  the  study 
of  stress  corrosion  cracking. 

The  present  structure  of  the  Working  Groups  in  the  field  of  fracture  mechanics  is  illustrated  in 

Figure  1. 


Thirty  members  representing  twenty-seven  organisations  are  named  in  the  constitution  list  of  the 
Stress  Corrosion  Cracking  (Fracture  Mechanics)  Working  Group  whose  chairman  is  Mr.  J.  E.  Truman  of  the 
Brown-Firth  Research  Laboratories. 

At  the  first  meeting  of  the  Working  Group  the  following  terms  of  reference  were  agreed: 

"To  collaborate  in  the  collection  and  presentation  of  data  on  the  stress  corrosion  cracking  of  metallic  mat¬ 
erials.  To  provide  a  forum  for  exchange  of  views  on  testing  techniques,  and  interpretation  and  application  of 
data.  To  carry  out  supporting  studies  with  the  emphasis  on  crack  growth,  and  to  recommend  preferred  testing 
techniques" . 

The  first  activity  of  the  Working  Group  was  to  conduct  a  survey  of  the  involvement  of  members  in 
the  field  of  stress  corrosion  testing  and  of  their  present  testing  techniques.  This  survey  was  reviewed  at 
the  second  meeting  of  the  Working  Group  and  it  revealed  that,  although  several  laboratories  were  committed  to 
the  conventional  testing  of  uncracked  specimens,  the  majority  were  either  already  equipped  or  were  prepared 
to  equip  for  the  stress  corrosion  testing  of  pre-cracked  test  pieces. 

It  was  decided  that  the  interests  of  the  Working  Group  would  be  best  served  by  a  collaborative  test 
programme  with  regard  to  the  eventual  standardisation  of  fracture  mechanics  stress  corrosion  testing  pro¬ 
cedures.  The  purpose  of  the  present  paper  is  to  review  the  progress  that  ha6  been  made  with  the  preliminary 
stage  of  this  collaborative  programme  -  the  determination  of  KISCC  for  300M  steel. 

MATERIAL  AND  EXPERIMENTAL  TECHNIQUES 

The  material  and  experimental  techniques  to  be  used  in  the  collaborative  programme  were  discussed 
at  the  next  meeting  of  the  Working  Gro"p. 

It  was  decided  that  a  material  possessing  a  reasonably  high  KjSCC  value  and  freedom  from  crack 
brtnehing  should  be  used.  For  thene  reasons  JOOM  steel  was  selected  for  the  programme.  Supply  of  this 
material  and  its  heat  treatment  were  kindly  undertaken  by  Brown-Firth  Laboratories.  Details  of  the  analysis 
and  heat  treatment  are  given  in  Tables  1  and  2.  It  was  decided  that  for  the  initial  investigation  the 
experimental  techniques  to  be  used  should  not  be  specified  too  rigidly  -  if  necessary  more  rigorous  control 
could  be  introduced  into  subsequent  test  programmes.  The  choice  of  specimen  geometry  was,  therefore,  left 
open  to  each  participant  so  that  existing  test  facilities  could  be  used  wherever  possible.  A  solution  of 
3.59S  be  weight  of  analar  quality  sodium  chloride  in  de-ionised  water  was  recommended  for  the  environment,  to 
be  either  drip  fed  on  to  the  specimen  or  contained  in  a  stirred  bath  surrounding  the  specimen.  In  labora¬ 
tories  where  de-ionised  water  was  unavailable,  distilled  water  was  to  be  used.  Since  it  had  been  observed  for 
some  steels  that  the  subsequent  stress  corrosion  behaviour  depended  on  whether  or  not  pre-cracking  was  con¬ 
ducted  i.i  air  or  in  salt  solution  it  was  specified  that  sodium  chloride  solution  should  be  introduced  during 
the  fatigue  operation  and  testing  commenced  immediately  afterwards.  In  those  laboratories  without  fatigue 
facilities  where  specimens  were  to  be  pre-cracked  in  batches  elsewhere  it  was  suggested  that  the  specimens 
should  be  both  fatigued  and  then  stored  in  the  presence  of  acetone  which,  like  salt  solution,  eliminates  the 
long  incubation  periods  often  observed  with  specimens  which  have  been  pre-cracked  in  air. 

Other  specified  experimental  details  were  that  the  environment  should  be  introduced  before  load 
application  which  should  be  made  in  ae  smooth  a  manner  as  possible.  It  was  requested  that  records  should  be 
kept  of  times  to  failure,  teBt  temperature,  maximum  fatigue  load  (which  was  to  be  kept  as  low  as  possible, 
and  preterably  below  20  ksj/in.),  crack  branching  -  where  this  occurred,  and,  wheie  possible,  incubation 
periods  and  crack  growth  rates. 

In  order  to  determine  Kjsqc  accurately  and  with  the  minimum  amount  of  material  this  was  to  be  pro¬ 
vided  in  the  form  of  1.375  in.  by  0.625  in.  bar  -  sufficient  for  \  in.  thick  specimens,  and  use  was  to  be 
made  of  a  binary  search  technique  for  Ktcqc  measurement.  The  binary  search  procedure  which  is  schematically 
illustrated  in  Figure  2,  enables  KigCC  “e  determined,  at  least  in  theory,  to  witnm  1/64  of  Kjc  from  only 
seven  specimens.  The  first  specimen  is  used  to  determine  KjC  using  the  same  test  rig  as  for  subsequent  stress 
corrosion  tests,  the  initial  stress  intensities  for  which  are  expressed  as  fractions  of  Kjq  beginning  with 
£  Kic  and  subsequently  depending  on  whether  or  not  failure  occurs  within  the  prescribed  time  limit.  The 
time  limit  chosen  for  these  tests  was  100  hours  a6  originally  proposed  for  low  alloy  6teels  by  A.S.T.M.'1^ 

Of  the  27  organisations  belonging  to  the  Working  Group,  19  agreed  to  participate  m  the  collabor¬ 
ative  programme.  Each  laboratory  was  responsible  for  the  machining  of  its  own  test  p  eces,  but  heat  treat¬ 
ment  was  carried  out  in  a  single  batch.  The  beat-treated  specimens  were  returned  for  final  machining  and 
testing  at  the  end  of  last  year,  since  when  two  participating  laboratories  have  dropped  out  of  the  programme, 
eleven  laboratories  have  submitted  their  results  and  six  laboratories  are  still  conducting  tests.  It  was 


3 ri (dually  anticipated  that  coapletion  of  this  preliminary  test  programme  would  be  within  ten  months,  but, 
as  is  sbotffi  in  Figure  3,  testing  is  incomplete  after  two  years.  Major  obstacles  to  progress  have  been 
delays  due  to  machining  anc  testing  difficulties. 

An  early  set-back  to  the  programme  was  that  the  size  specification  for  the  rolled  material  was 
not  oet.  This  precluded  the  possibility  of  using  tension  specimens  possessing  the  same  orientation  as 
bend  specimens.  It  was  therefore  necessary  for  bend  specimens  to  be  notched  transversely  to  the  rolling 
direction  whereas  tension  specimens  were  notched  longitudinally  to  the  rolling  direction.  However,  two 
laboratories,  using  both  bend  and  tension  specimens  have  shown  the  values  for  the  two  orientations 

to  be  the  same  to  within  1  ksii/In.  ' 

RESULTS  AND  DISCUSSION 


Tables  listing  all  of  the  test  data  from  the  participating  laboratories  are  given  in  Appendices 

1  and  2. 


Figure  4  shows  the  values  of  time  to  failure  as  a  function  of  initial  stress  intensity  during 
stress  corrosion  and  also  the  values  of  fracture  toughness  which  were  measured  on  the  stress  corrosion 
testing  rigs.  In  this  figure  no  attempt  has  been  made  to  correct  for  the  variations  in  specimen  width 
which  occurred  as  a  result  of  the  different  specimen  geometries  used  and  there  is  a  clear  tendency  for 
the  times  to  failure  at  a  given  stress  intensity  level  to  increase  with  increasing  specimen  width. 

A  considerable  reduction  of  scatter  is  obtained  by  normalisation  of  the  results  in  terms  of  time 
to  failure  per  inch  of  specimen  width  by  dividing  the  times  to  failure  by  tne  ligament  depth  below  the 
fatigue  crack  (W  -  a).  This  treatment  eliminates  the  systematic  variation  of  time  to  failure  with  specimen 
size  so  that  the  results  for  any  given  specimen  geometry  occur  randomly  within  the  scatter  band. 

A  further  slight  reduction  in  scatter  is  obtained  when  the  initial  stress  intensities  are  also 
normalised.  This  is  achieved  by  dividing  the  initial  stress  intensities  used  in  each  laboratory  by  the 
value  of  KIC  determined  on  the  stress  corrosion  test  rig  in  order  to  eliminate  the  influence  of  test  rig 
calibration.  Figure  5  shows  the  reduced  scatter  due  to  these  normalisation  procedures  when  applied  to 
specimens  in  which  failure  was  observed. 

It  is  evident  from  the  experimental  data  that  there  arc  two  distinct  regimes  in  the  relationship 
between  time  to  failure  and  initial  stress  intensity.  In  the  first  group  of  resuHs,  at  fairly  high  initial 
stress  intensities,  the  time  to  failure  is  relatively  independent  of  initial  stress  intensity  while  in  the 
second  group  of  results,  at  lower  initial  stress  intensities  there  is  a  strong  dependence  of  time  to  failure 
on  initial  stress  intensity  so  that  a  small  change  in  initial  stress  intensity  can  change  the  time  to 
failure  by  several  orders  of  magnitude.  This  behaviour  precludes  the  possibility  of  determining  absolute 
values  of  Kjscc  from  the  experimental  data  and  therefore  the  highest  stress  intensity  values  of  tests 
which  did  not  produce  failure  within  100  hours  have  been  taken  as  the  KjSCC  values  in  the  analysis  of  the 
collaborative  test  programme  results. 

The  observation  of  two  regions  of  behaviour  on  the  plot  of  time  to  failure  against  initial  stress 
intensity  can  be  explained  by  differences  in  the  exact  mechanism  of  failure  within  each  region.  In  the 
first  group,  where  the  time  to  failure  is  relatively  independent  cr  initial  stress  intensity,  the  fracture 
surfaces  in  the  stress  corrosion  region  were  entirely  intergranular  right  from  the  tip  of  the  fatigue  crack 
where  initiation  occurred.  However,  the  fracture  surfaces  of  those  specimens  in  the  second  group,  which 
display  a  marked  dependence  of  time  to  failure  on  initial  stress  intensity,  revealed,  on  close  examination, 
the  presence  of  a  narrow,  almost  featureless,  zone  between  the  tip  of  the  fatigue  crack  and  the  oncet  of 
the  intergranular  stress  corrosion  region.  The  width  of  this  band  increased  as  the  time  t.o  failure  increased 
and  Figure  6  illustrates  such  a  zone  of  width  0.006  in.  which  was  observed  on  a  specimen  which  failed  after 
1,210  hours. 

These  fracture  observations  suggest  that  general  corrosion  at  the  tip  of  the  fatigue  crack  can 
play  an  important  role  in  the  failure  of  specimens  belonging  to  the  second  group  where  low  initial  stress 
intensities  are  associated  with  prolonged  failure  times.  In  the  first  group  of  specimens  the  initial 
stress  intensities  applied  were  sufficiently  high  to  promote  the  immediate  onset  of  stress  corrosion 
cracking,  while  in  the  second  group  of  specimens  the  initial  stress  intensities  were  insufficient  to  promote 
stress  corrosion  cracking  until  general  corrosion  had  effectively  increased  the  stress  intensity  tc  the 
required  threshold  value.  Additional  evidence  for  this  conclusion  was  supplied  by  those  laboratories  which 
monitored  crack  growth  rates  and  reported  no  incubation  periods  or  extremely  slow  crack  extension  until 
just  prior  to  failure  for  those  specimens  belonging  to  the  second  group. 

The  contn lution  of  general  corrosion  is  not  solely  limited  to  an  extension  of  the  fatigue  crack 
and  Figure  7  shows  the  effects  of  general  corrosion  on  the  surface  of  a  J  in.  CKS  (compact  tension)  specimen 
which  failed  after  1,072  hours..  In  this  case  a  reduction  m  thickness  of  0.013  in.  occurred  due  to  general 
corrosion,  as  well  as  a  reduction  of  ’W  and  an  increase  in  ’a’  by  0.006  in.  This  effectively  increased 
the  initial  stress  intensity  from  13.6  ksi/^/In.  at  the  onset  of  the  test  to  14.3  ksi\/in>  at  the  onset  of 
stress  corrosion  cracking. 

This  work  emphasises  the  need  for  extreme  care  m  selecting  a  failure  criterion  for  KjSCC  ^ter¬ 
minations.  For  this  material  the  transition  between  groups  1  and  2,  the  stress  corrosion  motivated  and 
general  corrosion  motivated  regions,  respectively,  occurred  at  about  10  hours  test  duration  but  even  after 
100  hours  duration  the  contribution  by  general  corrosion  was  neglible  and  so  it  would  appear  that  the 
selected  failure  cntertion  of  100  hours  is  appropriate  for  this  material. 

THE  INFLUENCE  OF  SPECIMEN  GEOMETRY 


The  following  specimen  geometries  were  used  by  participants  in  the  test  programme: 
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10  X  10  ■■  (Charpy)  Bend 
6  x  1  x  J  Bend 
14  x  30  x  150  mi  Bend 
8  x  0.8  x  0.2  in.  Tension 
i  in.  C.K.S.  (Con pact  Tension) 

|  in.  T  -  WOL  (Tension) 

Tne  analysis  of  specimen  geometry  influence  is  complicated  because  while  most  of  the  specimens 
were  notched  transversely  to  the  rolling  direction,  the  -J  in*  CKS  and  J  in.  T-type  WOL  specimens  were 
notched  longitudinally.  It  is  evident  from  the  experimental  results  shown  in  Figure  8,  however,  that  with 
the  exception  of  the  constant  displacement  specimens,  all  of  the  te6t  results  fall  within  the  same  scatter 
band,  indicating  that  for  this  material  neither  specimen  orientation  nor  geometry  have  a  marked  effect  on 
the  Kjscc  values.  The  large  amount  of  scatter  in  the  results  obtained  with  constant  displacement  specimens 
can  be  explained  in  the  light  of  the  recent  work  at  the  BSC  Corporate  Laboratory  js  on  crack  blunting  during 
stress  corrosion  cracking^  2) .  This  has  shown  that  intergranular  stress  corrosion  cracks  become  progressively 
more  blunt  as  they  propagate.  The  value  of  the  arrest  stress  intensity  is  therefore  a  function  of  the 
initial  stress  intensity.  Stress  corrosion  cracks  in  those  specimens  loaded  to  an  initial  stress  intensity 
well  in  excess  of  KjSCC  will  therefore  propagate  for  a  considerable  distance  prior  to  arrest  which,  because 
of  the  blunting  effect,  will  occur  at  a  much  higher  stress  intensity  than  that  required  for  initiation  of 
a  stress  corrosion  crack  from  a  fatigue  crack.  On  the  other  hand,  the  application  of  an  initial  stress 
intensity  only  just  above  KjgCC  would  result  in  arrest  after  a  small  amount  of  growth  before  noticeable 
blunting  could  occur.  In  this  way,  laboratory  J,  using  a  constant  displacement  specimen,  obtained  a  very 
high  arrest  value  of  24.2  ksi t/in.  for  Krggg  using  an  initial  stress  intensity  of  24,3  kBiA^in.  whereas 
laboratory  B  obtained  an  arrest  KISCC  value  of  16.0  ksi«/in7  using  an  initial  stress  intensity  of 
16.3  ksiyin.  The  Kjgcc  values  determined  by  all  the  other  laboratories  lay  in  the  range  15-3  to  i8.9 
ksi/v/in.  using  the  100  hour  criterion,  and  a  one-way  analysis  of  variance  of  the  results  showed  the  devia¬ 
tions  between  specimens  of  different  geometry  were  not  significant  within  a  %  confidence  limit.  The 
results  of  this  analysis  are  shown  in  Table  3* 

THE  INFLUENCE  OF  MAXIMUM  FATIGUE  PRE-CRACKING  STRESS  INTENSITY 


Previous  work  had  indicated  that  the  maximum  stress  intensity  used  during  the  fatigue  pre¬ 
cracking  of  specimens  can  influence  the  value  of  KjggC  subsequently  determined  so  that  high  maximum 
fatigue  loads  result  in  high  Kjggc  values.  It  was  therefore  recommended  that  the  maximum  stress  intensity 
in  fatigue  (K.  max)  should  be  limited  to  20  ksi  ./in.  but  in  practice  most  of  the  laboratories  used  higher 
values  than  this.  Figure  9  shows  Kjggg  values  plutted  as  a  function  of  Kf  max  and  shows  that  for  this 
material  the  fatigue  stress  intensity  has  no  influence.  The  distribution  of  data  points  appears  to  be  com¬ 
pletely  random  despite  the  fact  that  Kf  max  values  in  excess  of  twice  the  recommended  level  were  used. 

THE  INFLUENCE  OF  TEST  TEMPERATURES 


Test  temperatures  m  the  range  15-27°C  were  reported  by  the  participating  laboratories;  the 
maximum  individual  range  being  12°C. 

The  Kfscc  results  are  plotted  as  a  function  of  test  temperature  in  Figure  10  which,  apart  from 
two  results  appears  to  indicate  a  trend  towards  lower  Kjscc  values  as  the  temperature  increases.  To  test 
this  trend  a  test  was  conducted  40°C  but  this  indicated  no  reduction  in  Kjscc  beI°u  that  measured  at  ambient 
temperature.  It  must  therefore  be  concluded  that  variations  of  test  temperature  within  the  normal  range 
have  no  significant  influence  on  the  value  of  K^g. 

ANALYSIS  OF  LABORATORY  ERROR 


Two  approaches  hove  been  adopted  in  the  analysis  of  results  for  errors  attrib  ‘able  to  individual 
laboratory  procedures: 

Firstly,  the  results  of  all  tests  conducted  by  laboratories  using  an  initiation  rather  than  an 
arrest  technique  have  been  interpreted  in  terms  of  the  binary  search  procedure  which  was  the  recommended 
testing  method  and  which  is  illustrated  in  Figure  2.  This  procedure  required  each  laboratory  to  determine 
Kjq  on  the  stress  corrosion  ng  and  then  to  conduct  six  stress  corrosion  tests  in  order  to  pinpoint  Kjggc 
to  within  1/64  Kj^.  Unfortunately,  not  all  of  the  laboratories  adhered  rigidly  to  this  practice,  as  is 
apparent  from  Table  4  which  shows  for  each  laboratory  the  result  of  the  Kjc  determination  and  the  number 
and  outcome  of  tests  conducted  on  the  basis  of  the  binary  search  procedure.  Also  shown  are  the  Kjsgp 
values  determined  which  are  expressed  in  terms  of  Kjq 

Difficulties  in  the  prediction  of  the  exact  initial  fatigue  crack  length  from  the  unbroaen 
specimen  prior  to  testing  precludes  the  possibility  of  applying  an  initial  stress  intensity  accurate  to 
better  than  1/64  Kic. 

Therefore,  only  those  deviations  from  the  mean  value  of  K.ggg  which  exceed  l/64  Kjg  can  be  con¬ 
sidered  to  be  significant.  Table  4  shows  most  of  the  Kjsqq  values  determined  to  be  within  the  range 

20  1  >x  ^ 
i  ±  'jij  KIC  ®h^  °*  these  results,  deviations  from  the  absolute  mean  values,  which  are  reflected  by 

deviations  of  the  Kjg  value  from  the  mean  value  of  57.5  ksi*/ in. ,  can  be  attributed  to  errors  in  the  cali¬ 
bration  of  the  testing  equipment.  Errors  of  this  type  would,  for  instance,  be  due  to  an  inaccuracy  in  the 
assessment  of  the  mechanical  advantage  of  the  loading  system  and  such  errors  have  evidently  occurred  since 
one  laboratory  conducted  stress  corrosion  tests  of  more  than  20  minutes  duration  at a  nominal  initial  stress 
intensity  which  was  in  excess  of  the  Kjq  values  obtained  by  six  other  laboratories. 

One  form  of  error  which  is  not  apparent  in  this  analysis  of  the  results  is  that  due  to  failure 
to  take  into  account  the  weight  of  the  balance  pan  on  the  end  of  the  loading  beam.  Such  an  error  would 
have  caused  an  otherwise  inexplicable  deviation  of  the  ratio  Kjggg/Kjg  from  the  mean.  In  fact  only  two 
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of  the  results  fall  outside  the  range  (-gl*  _+  KjC- 


Laboratory  E  obtained  a  value  of  Kiscc  equal  to  only  16/64  K™.  However,  their  value  of  KIC, 
at  62.2  ksia/in.  was  the  highest  obtained  by  any  laboratory  and  also  tne  specimen  thickness  used,  at 
0.20  in.  wa6  the  smallest  used  and  only  just  within  the  size  criterion  for  a  valid  Kjq  determination  with 
this  material.  It  is  likely  that  the  larger  proportion  of  predominantly  plastic  behaviour  at  the  edges 
of  these  specimens  contributed  to  a  higher  Kjc  value  than  was  obtained  from  the  thicker  specimens  used 
elsewhere.  Such  plasticity  effects  would  be  insignificant  at  the  lower  stress  intensities  used  during 
stress  corrosion  testing  and  so  although  the  Kiscc  value  obtained  was  a  relatively  small  fraction  of 

hT_,  its  absolute  value  was  comparable  with  those  from  other  laboratories, 

xc 
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Laboratory  G2  also  obtained  a  low  value  of  KjScc  equal  to  jjr  Kjq.  In  this  case  the  laboratory 
error  can  be  attributed  to  failure  to  observe  the  prescribed  testing°technique  since  Table  4  shows  that 
an  incomplete  binary  search  was  conducted.  Because  of  this  the  initial  stress  intensities  used  were  not 
sufficiently  closely  spaced  to  allow  an  accurate  determination  of  KjSq~.  Several  other  laboratories  also 
fai  L®d  to  complete  the  binary  search  procedure  but  fortuitously  succeeded  in  determining  KjSCC  with 
i’i  lonable  accuracy. 

It  can  be  concluded  that  analysis  of  the  results  in  term6  of  the  binomial  search  procedure 
enables  sources  of  laboratory  error  to  be  readily  ascertained  and  also  enables  errors  due  to  failure  to 
observe  the  correct  testing  procedure  to  be  determined. 

The  alternative  method  of  interpreting  the  results  is  to  assume  that  all  errors  are  associated 
with  differences  in  the  test  machines  used  by  the  laboratories. 

Two  main  sources  of  error  are  considered  likely  to  influence  the  test  results.  The  first  type 
is  arithmetical  error,  E^,  and  is  associated  with  the  incorrect  assessment  of  the  weight  of  the  loading 
arm  of  the  test  machine.  The  assumption  must  be  made  that  the  means  of  the  Kjggg  and  Kjq  results  are 
the  correct  values  for  the  material.  If  this  is  so,  then: 

=  =  R; 

KISCC 
their  ratio  . 

=  KISCC  .  R  ~  KIC  ksi/v/in. 

^  -  R 

The  second  type  of  error  is  geometrical  error.  Eg,  which  may  arise  through  either  inaccuracies 
in  the  measurement  of  the  length  of  the  loading  arm  of  the  test  machine  or  incorrectly  calibrated  weights. 
This  causes  erroneous  bending  moments  in  the  case  of  bend  tests  or  erroneous  tensile  loads  in  the  case  of 
tension  tests.  This  form  of  error  is  apparent  if  both  Kjg.g  and  Kjg  values  are  significantly  higher  or 
lower  than  the  mean  values.  Geometrical  error  can  be  calculated  from  the  relationship: 

e  =  Kic  -  Eic  -  ea  =  Kiscc  -  hscc  EA 

g  - - -  - — - 

KIC  KISCC 

The  relationships  between  Kjq  and  Kjsqc  values  of  the_mdividual  laboratories  are  illustrated 
in  Figure  11  in  which  the  straight  line  indicates  the  locus  of  R. 

Data  points  lying  on  the  .ocus  line  but  at  positions  either  higher  or  tower  than  the  mean 
possess  the  geometrical  error  Ee. 

Data  points  lying  above  or  Delow  the  locus  line  possess  the  arithmetical  error  E^. 

A  summary  of  the  Kjggg  and  Kic  values  obtained  by  the  laboratories  is  given  m  Table  5  together 
with  the  relevant  E^  or  E-  values  In  determining  the  mean  value  of  Kic  and  Kigcc >  those  values  which 
were  erroneous  for  some  obvious  reason  were  omitted  from  the  calculation.  Thus  Kjq  and  Kiscc  values  from 
the  constant  displacement  tests  were  not  considered  for  the  reasons  given  earlier. 

.he  arithmetical  errors  shown  in  the  table  vary  between  -  J.82  and  +  2.37  ksi<v/in.  while  the 
geometrical  errors  vary  between  +  13  and  -  13  per  cent.  It  has  already  been  shown  that  the  binary  search 
technique  only  enables  Kiscc  values  to  be  determined  with  an  accuracy  of  not  greater  than  +  1/64  Kic< 
that  is  approximately +1  ksix/in.  Further  errors  also  arise  in  estimating  the  length  of  the  fatigue  crack 
prior  to  the  stress  corrosion  test  and  these  probably  give  rise  to  errors  in  the  order  of  +_  0.5  Ksi\/7n* 
The  arit  metical  errorsin  Table  4  which  are  les6  than  1.5  ksioAn.-  are  therefore  insignificant  and  result 
from  lim'.tavor.s  imposed  by  the  number  of  specime  .  available  for  the  binary  search.  This  leaves  labora¬ 
tories  C,  E  and  K  with  significant  arithmetical  errors  (apart  from  Laboratories  B  and  J  which  were  not 
includfd  in  this  analysis  since  they  used  an  arrest  technique). 

Laboratory  G  had  only  com, leted tour  tests  at  the  time  of  writing  and  from  Table  3  it  is  evident 
that  could  only  be  determined  to  within  5/64  K^ .  about  5  ksi^in-  fn  comparison  E^  for  this  lab¬ 

oratory  is  insignificant. 

The  K  value  for  laboratory  E  of  62.2  ksiVm.  is  sir  -ficantly  higher  than  those  of  the  other 
laboratories  but  the  K.  value  is  toward  the  lower  end  of  the  .  atter  band.  Tt  is  possible  that,,  as 
mentioned  previously,  tne  specimen  thickness  of  0.20  in.  was  approaching  the  lim  ting  thickness  for  plane 


IC 


+  EA 


where  KIC  and  KISCC 
Hence: 


KISCC  +  EA 

are  the  mean  values  and  R  is 
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strain  at  of  0.154  in.  determined  from  the  expression: 


The  large  arithmetical  error  could  therefore  result  from  an  erroneous  value  rather  than  from  miscalib- 
ration  of  the  test  rig.  ' 

The  result  from  laboratory  K  is,  therefore,  the  only  one  showing  a  6ignificent  arithmetical  error 
which  can  only  be  attributed  to  an  incorrect  assessment  of  the  weight  of  the  loading  arm  on  the  test  machine. 

The  standard  deviation  for  Kjq  values  shown  in  Table  3  is  3-11  ksi>/in.  which  is  5.4%  of  the 
mean;  this  compares  with  a  value  of  4.3%  of  the  mean  for  valid  KT„  tests  of  high  strength  steels  which 
was  determined  from  the  collaborative  programme  of  the  MG/EB  Fracture  Toughness  Working  Group.  In  view 
of  the  relative  simplicity  in  the  method  of  the  determinations  in  the  present  tests  this  indicates 
that  the  test  machines  used  in  the  stress  corrosion  tests  are  of  comparable  accuracy  with  those  used  in 
the  fracture  toughness  tests. 

Host  of  the  variation  m  the  Kjc  and  Kiscc  values  listed  in  Table  5  appears  to  be  related  to 
geometrical  error,  E  .  The  scatter  of  Kjq  values  found  in  the  MG/EB  Fracture  Toughness  Working  Group 
collaborative  programme  within  individual  laboratories  amounted  to  about  +  4%  which  can  be  attributed 
to  material  variations.  Geometrical  errors  greater  than  this  in  Table  5  should  therefore  be  considered 
significant,  which  means  that  only  laboratories  A1,  G2,  C,  D  and  I  showed  insignificant  levels  of  E  . 

S 

CONCLUSIONS 


A  preliminary  survey  of  the  collaborative  test  programme  results  of  the  Stress  Corrosion  Cracking 
(Fracture  Mechanics)  Working  Group  which  have  beer  :ompiled  to  date  has  yielded  KjSCC  v'lues  m  the  range 
15-3  to  18.9  ksiVin.  with  a  mean  valui  of  17.0  kaj^in.  from  specimens  tested  with  an  initiation  technique 
using  pre-cracked  specimens  and  a  100  hour  failure  criterion. 

A  study  of  the  results  ’ios  shown  that  large  differences  can  occur  between  KjSCC  values  determined 
by  initiation  from  a  fatigue  crack,  and  arrest  from  a  stress  corrosion  crack  in  this  material  due  to  the 
blunting  effect  of  the  intergranular  corrosion  crack. 

Neither  specimen  geometry  nor  maximum  fatigue  load  during  the  pre-cracking  procedure  has  been 
found  to  influence  significantly  the  value  of  determined  by  initiation  from  a  fatigue  crack,  nor  the 

temperature  variations  m  the  range  15  -  27°C. 

The  main  sources  of  error  appear  to  be  associated  with  differences  in  the  calibrations  and 
accuracies  of  test  rigs  between  the  participating  laboratories  although  failure  to  observe  the  prescribed 
testing  techniques  has  also  contributed  to  some  scatter  in  the  results. 
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FlC4  ftlSM  STRE>S  CORROSION  CRACKING  ( FRACTURE  MECHANICS)  COUAIORATlVE  TEST  PROGRAMME  RESULT* 


time  and  k * -normalised  results  of  the  couaiorativc  programme 
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FIG  6  GENERAL  CORROSION  ZONE  BETWEEN  THE  FATIGUE 

CRACK  ANO  STRESS  CORROSION  CRACK  IN  300 M  STEEL- 


FIG  7, 


GENERAL  CORROSION  ON  THE  SURFACE  OF  A 
SPECIMEN  OF  300  M  STEEL... 
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THE  SCIENCE  COMMITTEE  CONFERENCE 
OK  THE  THEORY  OF  STRESS  CORROSION 
CRACKING  OF  ALLOYS. 


Dr.  J.C. SCULLY 
Reader  in  Corrosion  Science 
Department  of  Metallurgy 
University  of  Leeds 
Leeds  LS2  9JT 
England. 


SUMMARY 


The  Conference  covered  general  aspects  of  stress  corrosion  cracking  as  well  as  individual 
alloy  systems.  Of  particular  interest  to  testing  methods  were  (i)  repassivation,  and  (ii)  measurements 
of  crack  velocity.  These  are  discussed  and  their  relevance  to  testing  methods  is  emphasized. 

Comparison  between  different  alloy 3  or  of  different  heat  treatments  of  an  alloy  can  only  be  made  if 
the  relationship  between  mechanical,  metallurgical  and  electrochemical  variables  on  crack  propagation 
kinetics  is  ful Ly  determined.  Separation  of  mechanism  work  and  the  development  of  testing  procedures 
is  not  profitab  Le  and  there  is  a  strong  need  for  more  exchange  of  information  between  the  two  groups 
who  work  in  these  fields  of  stress  corrosion  cracking. 
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THE  SCIENCE  COMOTCEE  CONFERENCE  01  THE  THEORI 
OF  STRESS  CORROSION  CRACKING  OF  ALLOYS 

Dr.  J.C.  Scully. 


1.  introduction 

The  NATO  Science  Committee  Research  Evaluation  Conference  on  the  Theory  of  Stress  Corrosion  Cracking 
in  Alloys  was  held  at  Ericeira,  Portugal  during  the  period  March  29  -  April  2  1971.  Approximately  7$ 
people  attended  either  as  invited  participants  or  as  observers  and  16  papers  were  presented  on  both  general 
aspects  of  stress  corrosion  cracking  rai  individual  alloys  systems.  Two  additional  papers  were  on  test¬ 
ing  methods.  Those  not  presenting  papers  were  invited  to  present  working  material.  A  flexible  time¬ 
table  was  devised  which  ensured  that  there  was  a  very  detailed  discussion  of  the  current  understanding  of 
the  phenomenon.  The  Proceedings,  which  include  summarized  discussions,  will  shortly  be  available'*’. 

The  principal  objective  of  the  Conference  was  to  focus  attention  upon  those  areas  in  mechanistic 
studies  of  stress  corrosion  cracking  that  urgently  require  investigation.  Both  from  the  papers  that  were 
presented  and  from  the  lengthy  discussions  that  ensued  there  was  a  large  measure  of  agreement  about  these 
areas*  It  is  scarcely  possible  to  summarize  with  any  completion  the  outcome  of  a  major  conference  but 
there  are  two  subjects  of  comparatively  wide  general  interest  that  dominated  the  discussion  and  that  also 
are  of  direct  relevance  to  the  subject  of  Testing  Methods  covered  by  this  AGARD  Specialists  Meeting  on 
Stress  Corrosion  Testing  Methods.  It  is  therefore  the  intention  of  this  paper  to  draw  attention  to 
these  two  subjects  by  discussing  each  fairly  briefly  while  at  the  same  time  emphasizing  their  continuing 
importance.  The  two  subjects  are:  (i)  Repassivation,  and  (ii)  Measurements  of  Crack  Velocity.  The 
discussion  of  each  illustrates  that  mechanistic  investigations  require  a  close  understanding  of  the 
characteristics  of  the  testing  procedure  that  is  adopted.  The  argument  can  also  be  made  in  reverse 
that  the  development  of  testing  procedures  is  aided  by  an  appreciation  of  mechanistic  factors.  It  is 
the  opinion  of  the  author  that  the  separation  of  workers  into  groups  wno  work  on  testing  procedures  and 
groups  who  work  on  mechanisms  is  not  profitable  and  cannot  be  justified.  Stress  corrosion  cracking  is 
a  complex  phenomenon  and  a  unified  effort  by  all  parties  would  appear  to  offer  the  greatest  hope  of  a 
successful  resolution  of  the  problem. 

2.  REPA3SIVATI0N. 

The  breakdown  of  protective  films  consisting  either  of  metal  reaction  product  or  of  a  noble  con¬ 
stituent  by  either  chemical  or  mechanical  means  has  long  been  recognized  as  an  essential  event  in  the 
initiation  and  propagation  of  stress  corrosion  cracks.  The  result  of  such  breakdown  causes  highly 
localized  attack  and  the  development  of  acidity  vith  consequent  hydrogen  evolution  in  many  alloy  systems. 

It  is  only  in  recent  years  that  attention  has  been  focussed  upon  not  the  breakdown  but  upon  the 
subsequent  rate  of  repair  of  such  films.  The  essence  of  the  concept,  published2  in  1967,  is  that  crack 

propagation  occurs  when  there  is  a  critical  delai'  in  the  repair  of  such  films  at  the  tips  of  cracks. 

Too  smell  a  delay  will  not  give  sufficient  curren.  for  the  necessary  corrosion  event,  while  too  great  a 
delay  will  permit  too  large  a  current  flaw,  giving  pitting  and  generally  not  sufficiently  localized  attack. 
Cracking  occurs  in  electrochemical  borderline  situations  between  the  formation  of  a  soluble  and  an 
insoluble  product.  Such  events  will  depend  upon  both  electrochemical^  and  mechanical^  parameters. 
Cracking  is  likely  to  be  associated  with  ranges  of  potentiaj  where  protec. .‘ve  films  exhibit  possible 
instability,  i.e.  in  regions  of  active/passive  transition.  The  local  composition  of  the  environment 
will  be  of  critical  importance  since  some  anions,  e.g.  Cl”,  probably  contribute  significantly  to  delaying 
repassivation  as  a  result  of  competitive  adsorption  on  the  freshly  exposed  metal  at  the  crack  tip5. 

At  the  Conference  much  discussion  centred  about  the  role  of  repassivation.  Work  was 
presented  by  Professor  Staehle  on  austenitic  stainless  steels  which  indicated  that  cracking  in  boiling 
concentrated  MgClg  solutions  might  be  explained  as  arising  from  critical  repassivation  events.  In 
general,  cracking  in  alloys  might  be  described  as  arising  when  the  amount  of  fresh  metal  created  at  the 
crack  tip  was  greater  than  the  volume  of  solution  in  the  region  of  the  crack  tip  coupd  passivate.  Such  a 
simple  description  covers  a  number  of  complex  interacting  factors.  The  deformation  processes  at  the 
crack.,  resulting  in  slip  steps,  gliding,  stretching  and  dimple  formation,  will  be  important  since  they 
determine  the  amount  of  fresh  area  created.  The  repassivation  processes  will  be  dependent  kinetically 
upon  tn»  value  of  the  potential  at  the  crack  tip,  the  solution  composition,  hydrolysis  reactions  and 
hydrodynamic  considerations.-  With  so  many  variables  in  is  not  surprising  that  cracking  occurs  only  in 

a  relatively  small  number  of  alloy /environment  systems. 

A  practical  example  was  shown^  that  demonstrates  the  importance  of  repassivation  in  a  dynamic 
straining  test,  a  testing  procedure  that  is  rapid,  severe  and  unequivocal.  The  results  are  shown 
in  Fig.l.  Plain  specimens  of  Ti-5Al-2.5Sn  alloy  were  strain-!  to  fracture  rt  different  strain-rates 

in  two  different  environments.  Firstly,  in  neutral  aqueous  NaC  solutions,  cracking  was  observed  to 
occur  over  a  comparatively  narrow  range  of  crosshead  speeds.  A;  high  speeds  there  is  insufficient  time 
for  crack  initiation  and  dimple  fracture  occurs.  As  this  speed  is  lowered  there  is  time  for  initiation 
and  propagation  which  is  reflected  in  the  decrease  in  elongation,,  At  lower  speeds  the  same  surface 
deformation  processes  occur  but  at  a  lower  speed  so  there  is  time  for  repassivation  to  take  place  and  the 
surface  regains  its  stable  condition  of  being  covered  with  a  protective  film.  No  crack  initiation  occurs. 
Secondly,  in  a  particular  mixture  of  methyl  alcohol  an!  HC1  vhich  is  aggressive  and  causes  intergranular 
corrosion,  no  cracking  occurs  at  the  tugh  crosshead  speed  for  the  same  reason  as  for  the  experimerts  in  the 
aqueous  environments..  At  lower  speeds  there  is  time  for  crack  initiation  and  propagation.  As  this 
speed  is  further  lowered,  however,  there  is  no  possibility  of  repassivation  ard  since  there  is  an  increasing 
length  of  time  for  propagation  there  is  a  decreasing  elongation  to  fracture.. 
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Fig.l.  Elongation  to  fracture  for  specimens  of  Ti-5Al-2.5Sn  alloy  strained  at  various  crosshead 
speeds  in  two  different  environments. 


Such  results  are  simply  explained  but  there  are  considerable  subtleties  that  should  be  included. 
Initiation  can  be  associated  with  emergent  slip  steps  the  height  of  which  will  depend  upon  the  grain 
size.  The  speed  of  emergence  is  not  strain-rate  '"'•pendent  and  initiation  might  be  expected  to  be 
independent  too.  What  is  important  is  the  natur  -.f  the  event  that  occurs  during  the  delay  in 
repassivation.  Since  initiation  is  considered  to  arise  from  a  hydrogen-induced  cleavage,  this  process 
will  depend  upon  reaching  a  critical  stress  level  within  a  certain  time.  Such  events  require 
investigation  and  such  tests  should  also  be  done  under  potentiostatic  control,  a  method  that  has  been 
employed  by  some  authors. 

These  results  were  obtained  during  a  mechanistic  investigation  but  they  are  relevant  to  a 
particular  testing  method  which  has  some  unique  advantages.  There  were  opinion  expressed  that  such 

a  testing  method  should  be  developed  and  there  was  an  increasing  number  of  laboratories  that  were 
incorporating  such  tests  into  their  programmes.  In  general,  repassivation  is  relevant  to  all  testing 
procedures  and  was  discussed  at  the  1967  AGAKD  Meeting  in  Turin.  At  the  simplest  level,  consideration 
must  be  given  to  whether  a  specimen  loaded  before  or  after  adding  the  testing  medium  since  different 
results  can  be  obtained  depending  upon  the  method  chosen. 

3.  MEASUREMENTS  OF  CRACK  VELOCITY. 

How  stress  corrosion  cracks  propagate  is  fundamental  to  an  understanding  of  mechanisms.  Much 
work  has  reported  average  velocities  derived  from  a  vide  range  of  tests  but  it  is  only  recently  that 
instantaneous  velocities  have  been  measured  as  a  function  of  mechanical,  metallurgical  and  electrochemical 
variables.  The  Conference  included  several  papers  covering  such  investigations.  It  appears  that  for 
high  strength  materials  there  is  a  general  pattern  observed  between  the  crack  velocity  and  the  stress 
intensity  factor,  K.  This  is  illustrated  in  Fig. 2  which  is  taken  from  a  paper  from  Dr.Speidel  on 
aluminium  alloys. 

The  diagram  illustrates  3  different  stages  in  the  relationship.  Stage  X  covers  a  region  in  which 
the  velocity  is  strongly  dependent  upon  the  value  of  K.  The  propagation  process  hes  an  activation 
energy  of  28  kcal./gm.mole.  Stage  II  is  a  region  which  the  velocity  is  independent  of  K.  The 
process  has  sn  activation  energy  of  3-5  keal. /gm.mole.  Stage  III  is  observed  only  in  highly 
susceptible  alloys  which  are  avoided  where  possible.  Crack  branching  occurs  in  the  Stage  II  "plateau" 
region  and  both  branches  propagate.  This  occurs  at  a  certain  fixed  value  of  K.  At  lower  values 
of  K  branching  may  also  occur..  Dr.  Speidel  distinguishes  between  these  phenomei  a  ns  'macro'  and 
'micro'  branch;ng  and  a  diagram  from  his  second  paper  is  shown  in  Fig. 3. 

Fundamental  data  of  this  kind  were  reported  to  be  not  confined  to  aluminium  alloys.  Titanium 
and  magnesium  alloys  exhibit  similar  behaviour  with  similar  values  of  activation  erergy.  Glass  in 
moist  atmospheres  exhibits  Stage  I  behaviour.  Not  surprisingly,  there  was  considerable  attention  paid 
to  these  results.  An  understanding  of  S*-age  I  behaviour  was  felt  to  be  crucial  to  mechanism 
determination,  Repassivatioi  was  important  here  perhaps  since  in  completely  non-aggressive  environ¬ 
ments  only  Stage  II  was  observ'd,  e.g.  Ti  alloys  in  neutral  aqueous  chloride  solutions.-  With  increasing 

K  tome  critical  process  occurred  so  frequently  that  it  was  no  longer  -ate-controlling.  At  thin  point 

Stage  II  was  reached  in  which  cracking  was  controlled  by  the  diffusion  of  some  species  in  the  environment ., 
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Fig. 2. 


Schematic  diagram  illustrating  the  relationship  between  stress  corrosion  crack  velocity 
and  stress  intensity  factor  for  aluminium  alloys  .  (Spe.'del) . 


Fig. 3. 


Schematic  diagram  similar  to  Fig. 2  indicating  regions  in  vhich  macro  and  micro 
branching  occur. A  (Speidel). 
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A  number  of  extremely  important  points  of  direct  relevance  to  testing  procedure:  arise  from 

such  data. 

(a)  Testing  should  be  done  under  fixed  conditions  of  mechanical,  metallurgical  anl  electrochemical 
conditions  since  values  that  determ; r-  the  relationship  shown  in  Fig.2  vary  as  these  variables  are 
altered.  An  example  is  sbovn  in  Fig.U. 
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Fig.i*.  Schematic  diagram  illustrating  the  relationship  between  Stagt  i".  stress  corrosion 

crack  velocity  and  potential  as  a  function  of  pH  in  titanius  aioyB.  (Feeney  and  Blackburn) 

(b)  Unless  the  complete  relatin’  ship  vas  established,  testing  proci  .  ires  could  only  give  incomplete 
and  possibly  misleading  indication'  o  behaviour .  Where  several  alloys  'e>  e  being  compared  it  was 
vitally  important  to  ensure  that  -n  *"*»  rison  was  meaningful  and  this  to.  id  appear  to  demand  knowledge 
of  the  complete  curve.  The  relationship  shown  in  Fig.2  has  an  immediate  use  in  alloy  development  and 
materials  selection  for  a  given  environment. 

(c)  In  many  alloys  a  genuine  value  of  Kjacc  below  which  crack  propagation  does  not  occur  is  not 
observed  and  reported  values  may  merely  reflect  upon  the  patience  of  the  observer.  In  aluminium  alloys 
velocities  as  low  as  10-11  m/sec  have  been  observed.  It  vas  suggested  that  instead  of  KIacc  a  value  of 
K  might  be  designated  corresponding  to  a  low  negligible  velocity  whirr,  would  have  to  be  agreed  upon. 

(d)  The  value  of  the  potential  was  very  important  and  this  is  usually  not  controlled  during  testing 
procedures.  This  mates  comparison  between  alloys  difficult.  It  also  means  that  if  the  open-circuit 
potential  is  outside  the  potential  range  within  which  cracking  occurs  susceptibility  can  be  missed  and  an 
alloy  appear  immune.  In  service  use,  however,  the  open-circuit  potential  might  drift  into  tl,»  range, 
possibly  as  a  result  of  temperature  changes  or  aeration  effects  on  high  velocity  surfaces,  consequently 
resulting  in  cracking.  By  omitting  the  control  of  a  major  variable  it  was  not  surprising  that  there 
were  common  inconsistencies  between  laboratory  tests  and  service  experience. 

At  the  moment  the  procedures  covered  by  these  points  are  not  generally  followed  in  testing 
laboratories.'  Perusal  of  many  of  the  papers  in  this  volume  will  confirm  this.  This  is  a  great  pity 
since  it  constitutes  a  considerable  hindrance  to  progress  in  determining  testing  methods  immediately 
relevant  to  service  conditions.  Stress  corrosion  cracking  occurs  as  a  result  of  the  complex  interaction 
of  fracture  mechanics,  physical  metallurgy  and  electrochemistry.  To  initiate  tests  in  which  only  two 
of  the  variables  are  controlled  and  perhaps  even  measured  is  incorrect  and  cannot  be  expected  to  give 
satisfactory  answers  except  by  chance. 

It.  CONCLUSION 

The  points  above,  (a)  -  (d),  are  capable  of  considerable  amplification.  Taken  together  with 
considerations  of  repassivation.,  they  do  emphasize  that  the  development  of  testing  procedures  and 
mechanistic  studies  have  much  in  common  and  groups  working  in  each  area  have  much  to  contribute  to  each 
other's  endeavours.  This  was  a  widely  expressed  feeling  at  the  meeting.  The  Conference  Proceedings 
show  that  much  has  been  disco rered  about  stress  corrosion  cracking  over  the  last  few  years.  This  very 
brief  summary  of  only  two  general  points  was  not  intended  to  cover  the  wide  range  of  ideas  that  were 
presented  at  the  Conference.  Currently  the  problem  is  to  ensure  that  this  knowledge  is  widely 
disseminated  and  thorough!./  discusned.  This  in  turn  should  ensure  that  the  principal  objective  of  the 
Conference  is  achieved  a.id  also  that  testing  procedures  are  devised  which  give  results  rore  related  to 
service  conditions. 
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SUMMARY 


A  stress  corrosion  testing  method  which  allows  a  quantitative  separation  between  the 
effects  of  stress  and  those  of  corrosion  in  causing  stress  corrosion  damage  is  describe!.  This  test 
involves  the  measurement  of  the  reduction  in  subsequent  stress  conosion  life  which  is  brought  about 
by  initially  exposing  the  sample  to  the  corrosive  environment  without  any  stress  being  applied  (pre- 
corrosion).  If  a  given  alloy  is  susceptible  only  to  the  combination  of  stress  and  corrosion  (true  stress 
corrosion),  then  such  a  preexposure  would  not  be  expected  to  greatly  reduce  its  subsequent  stress  cor¬ 
rosion  lifetime.  If,  however,  a  corrosion  process  that  is  not  accelerated  by  stress  is  required  to 
initiate  the  failure  process,  then  such  preexposure  without  applied  stress  may  be  found  to  be  almost  as 
damaging  as  an  equal  amount  of  exposure  carried  out  under  stress.  A  stress  corrosion  index  (SCI)  is 
defined  which  quantitatively  measures  these  effects.  Data  obtained  by  this  method  are  presented  for 
a  high  strength  aluminum  alloy  (7075)  tested  in  buffered  NaCl  solution.  For  specimens  of  this  alloy 
having  a  machined  surface  finish,  80%  of  the  time  required  to  produce  failure  in  normal  stress  corrosion 
tests  is  found  to  be  due  to  a  process  which  is  not  accelerated  by  applied  stress.  An  explanation  for 
this  behavior  is  offered  in  terms  of  the  existence  of  a  highly  deformed  surface  layer  within  which  any 
well  defined  grain  boundaries  have  been  destroyed..  This  surface  layer  must  be  penetrated  by  pitting 
before  a  true  stress  corrosion  process  can  begin. 
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Stress  corrosion  implies  by  definition  that  stress  and  corrosion  acting  together  produce 
a  greater  deterioration  than  each  acting  sep?-  rtely.  The  1948  American  Society  for  Metals  Subcom¬ 
mittee  on  Stress  Corrosion1  proposed  Jthat  the  relative  subsequent  breaking  loads  of  specimens  which 
were:  (a)  stressed  but  not  corroded,  (b)  corroded  but  not  stressed,  and  (c)  corroded  while  stressed,  be 
taken  as  a  measure  of  the  acceleration  of  corrosive  damage  by  stress.  Tins  method  has  not  been 
widely  used  because  breaking  loads  measured  on  dry  specimens  provide  relatively  little  information  on 
the  rate  of  progress  of  damage  under  corrosive  conditions.  To  provide  an  improved  index  of  the 
accele/ation  of  corrosion  damage  caused  by  the  application  of  stress,  a  novel  test  procedure  has  now 
been  developed.2  According  to  this  method  what  is  measured,  rather  than  breaking  loads,  is  the 
reduction  in  subsequent  stress  corrosion  lifetime  brought  about  by  preexposure  to  the  corrosive  environ¬ 
ment  (precorrosion)  without  the  application  of  stress.  By  quantitatively  determining  the  reduction  in 
resistance  to  subsequent  stress  corrosion  as  a  function  of  increasing  precorrosion  exposures,  one  can 
assign  a  numerical  value  to  the  degree  of  conjoint  action  between  corrosion  and  the  applied  stress.  As 
will  be  shown,  this  testing  procedure  has  proven  particularly  valuable  in  explaining  the  protective  effects 
afforded  by  many  mechanical  surface  treatments  as  well  as  in  providing  a  quantitative  tool  for  the  invec- 
tigation  of  basic  stress  corrosion  processes.. 

If  an  alloy  is  susceptible  only  to  true  stress  corrosion,  then  preexposure  to  the  corrosive 
environment  without  any  stress  applied  would  not  be  expected  to  lead  to  a  large  reduction  in  the  time 
required  to  produce  failure  in  a  subsequent  normal  stress  corrosion  test.  If,  however,  a  corrosion 
process  that  was  not  accelerated  by  stress  were  important  initially  in  the  total  failure  process,  then 
exposure  to  the  corrosive  environment  without  stress  (precorrosion)  would  lead  to  a  substantial  decrease 
in  the  subsequent  time  required  to  produce  stress  corrosion  failure,  as  measured  from  the  time  at  which 
the  stress  was  applied.  These  two  cases  are  illustrated  schematically  in  Fig.  1.  As  shown,  the  ver¬ 
tical  axis  is  the  stress  corrosion  time-to-failure,  measured  after  application  of  the  stress,  while  die 
horizontal  axis  is  the  precorrosion  dme;  that  is,  the  time  during  which  the  sample  was  exposed  to  the 
corrosive  environment  without  an  applied  stress.  The  horizontal  line  (A)  shows  the  behavior  to  be 
expected  if  only  a  true  stress  corrosion  process  operates,  since,  in  this  case,  corrosion  without  stress 
does  not  change  the  subsequent  failure  time.  The  line  (B),  however,  shows  the  result  which  will  be 
found  if  stress  corrosion  does  not  occur  and  failure  results  only  from  normal  corrosion.  Thus,  in 
this  case,  one  unit  of  precorrosion  exposure  time  is  seen  to  be  just  as  damaging  as  one  unit  of  exposure 
time  with  both  stress  and  corrosion  applied.  Arbitrary  time  units  are  shown  on  this  figure  and,  of 
course,  the  time  -  oquired  to  produce  failure  by  normal  corrosion  will  usually  be  considerably  longer 
than  that  required  by  a  stress  corrosion  mechanism.  What  is  of  primary  importance,  however,  is 
the  way  in  which  the  time-to-failure,  when  both  stress  and  corrosion  are  applied  together,  varies  as  the 
alloy  is  subjected  to  increasing  precorrosion  treatment.  This  variation  gives,  of  course,  the  slope  of 
the  precorrosion  curve.  By  adding  unity  to  the  value  of  this  slope,  one  can  define  a  stress  corrosion 
index  (SCI)  as 

SCI  =  1  +  —  , 

dx 

where  y  is  the  measured  time-to-failure  after  precorrosion  and  x  is  the  time  for  which  the  specimen 
was  exposed  to  the  corrosive  environment  without  stress.  By  defining  the  index  in  this  way,  it  will  be 
zero  in  the  case  where  a  stress  corrosion  process  does  not  occur  at  all  (line  B)  and  unity  in  the  case 
where  only  a  true  stress  corrosion  process  causes  damage  (line  A). 

An  example  of  the  application  of  this  technique  may  be  found  in  the  case  of  aluminum 
alloy  7075  (in  wt  %,  5.0  Zn-  2.5  Mg  -  1.6  Cu  -0.3  Cr- balance  Al)  in  the  high  strength  T651  temper 
(yield  stress,  73,  000  psi).  J  Stress  corrosion  and  precorrosion  tet'ts  were  carried  out  in  deaerated  one 
normal  NaCl  solution  buffered  to  pH  4. 1  with  CHaCOONa  and  CH3COOH  in  a  recirculating  system  at  30°C. 
The  applied  load  was  <&)%  of  the  yield  stress,  Corrosion  was  galvanostatic  with  an  anodic  current 
density  of  0.3  mA/cm  .  The  specimens  were  cut  in  the  short  transverse  direction  from  1.5  in  thick 
plate  and  machined  to  a  25  microinch  (rms)  surface  finish.  One  set  of  these  samples  was  tested  with¬ 
out  further  surface  preparation  except  cleaning.  Another  set  was  reheat -treated  to  the  T6(51)  temper, 
while  a  third  set  was  similarly  reheat -treated  and  then  electropolished  in  25  vol  %  HNOq  and  75  vol  % 
methanol  at  -50 °C.  The  results  of  precorrosion  tests  on  these  samples  are  shown  in  Fig.  2.  Those 
points  along  the  ordinate  at  zero  precorro3ioi  time  give,  of  course,  the  results  of  normal  stress  corro¬ 
sion  tests  (stress  and  corrosion  applied  simultaneously). 

Several  features  are  evident  from  this  figure.  The  time-to-failure  of  the  electropolished 
specimens  is  relatively  independent  of  precorrosion  exposure  (SCI  a  1)  over  the  whole  range  of  precorro¬ 
sion  treatments  examined  (from  5  to  40  times  the  normal  stress  corrosion  time-to-failure).  For  the 
as-machined  specimens,  however,  the  stress  corrosion  susceptibility  index  is  zero  for  precorrosion 
treatments  of  up  to  somewhat  less  than  one  times  the  normal  time-to-failure;  thereafter,  SCI  a  1  as  in 
the  case  of  electropolished  specimens.  Significantly  also,  in  the  region  where  their  SCI  values  are 
unity,  all  specimens  show  the  same  subsequent  time-to-failure.  That  is,  no  matter  what  the  starting 
surface  condition,  the  behavior  of  all  specimens  becomes  almost  identical  for  precorrosion  treatments 
of  more  than  0. 5  hours,  and  all  points  fall  on  a  line  almost  parallel  to  the  abscissa.  The  ordinate 
value  of  this  line  thus  gives  the  true  stress  corrosion  resistance  of  these  specimens,  independent  of 
starting  surface  conditions,. 

For  both  the  reheat-treated  as  well  as  the  as-machined  samples,  it  is  seen  that  a  large 
fraction  (80%  in  the  case  of  the  as-machined  samples)  of  the  time-to-failure  as  measured  in  a  normal 
stress  corrosion  test  is  taken  up  by  a  corrosion  process  that  is  not  accelerated  by  applied  tensile  stress.. 


8-2 


A  high  residual  surface  tensile  stress  could,  of  course,  cause  the  specimens  to  stress  corrode  in  the 
absence  of  an  external  applied  stress,  but  similar  specimens  deformed  2%  either  by  cold  compression 
or  by  stretching  to  eliminate  residual  stress4  showed  similar  large  initial  precorrosion  effects.  Thus, 
it  is  necessary  to  explain  why,  especially  in  the  case  of  the  as-machined  samples,  a  stress  corrosion 
process  does  not  initially  occur.  The  observation  that  no  precorrosion  effect  is  observed  on  the 
eiectropolis hed  specimens  leads  to  the  conclusion  that  a  surface  layer  is  involved.  To  investigate  the 
surface  condition  of  these  samples,  transverse  metallographic  sections  were  prepared.  Although 
these  sections  gave  evidence  for  grain  boundary  distortion  within  approximately  1  ft  of  the  surface,  the 
characteristics  of  this  dissordon  were  not  clear.  To  Investigate  more  closely  the  condition  of  the 
grain  boundaries  near  the  surface,  therefore,  the  method  of  direct  surface  etching  was  used. 

Fig.  3  shows  the  appearance  of  each  type  of  specimen  surface  after  etching  for  25  sec  in 
Keller’s  etch  (1%  HF,  1.5%  HC1,  2.5%  HNO3,  balance  H2O).  In  this  sequence  c*  photomicrographs  it 
can  be  seen  that  the  grain  boundary  structure  of  the  reheat-treated  and  electropolished  sample  is  quite 
clearly  developed,  while  the  as-machined  specimen  shows  almost  no  evidence  for  a  surface  grain 
boundary  structure.  T.e  samples  which  were  only  reheat-treated  aiid  which  showed  an  intermediate 
precorrosion  effect  also  show  only  a  partially  'developed  surface  grain  stru;:ure. 

The  interpretation  of  this  difference  in  grain  boundary  structure  and  precorrosion 
behavior  is  particularly  informative  in  the  light  of  the  paper  by  Borchers  and  Tenckhoff,  5  who  show  that 
the  well-known  beneficial  effect  of  shot  peening  in  increasing  resistance  to  stress  corrosion  does  not 
primarily  result  from  residual  stress  effects,  but  rather  arises  because  of  the  destruction  of  grain 
boundaries  at  the  surface.  Because  stress  cracking  almost  always  occurs  intergranular ly  in  high 
strength  aluminum  alloys,  the  stress  corrosion  process  evidently  cannot  begin  until  the  cold-worked 
surface  layer,  within  which  any  well-defined  grain  boundary  structure  has  been  destroyed,  has  been 
penetrated  by  corrosion  and  well-defined  grain  boundaries  exposed.  What  the  results  of  Fig.  2 
demonstrate  is  that  this  penetration  occurs  via  a  pure  corrosion  and  not  a  stress  corrosion  process. 

Thus,  corrosion  without  applied  stress  is  initially  just  as  damaging  as  corrosion  with  applied  stress 
because  no  stress  corrosion  process  can  occur  until  the  underlying  region  of  well-defined  grain  bound¬ 
aries  has  been  reached.  This  sequence  of  events  is  illustrated  in  Fig.  4.  As  seen  in  Fig.  4(a),  any 
well-defined  grain  boundary  structure  has  been  fragmented  at  the  surface  by  mechanical  deformation. 

When  the  sample  is  exposed  to  the  corrosive  environment,  either  with  or  without  an  applied  tensile 
stress,  this  surface  layer  must  be  penetrated  by  a  non -stress  corrosion  process,  e.g. ,  pining 
(Fig.  4(b)),  before  a  true  stress  corrosion  process  can  begin  (Fig.  4(c)).  The  extreme  practical 
importance  of  this  effect  can  be  seen  from  Fig.  2,  which  shows  that  even  the  less  than  1  p  thick  surface 
layer  introduced  by  machining  can  increase  the  time-to-failure  as  measured  in  a  normal  stress  corro¬ 
sion  test  by  more  than  a  factor  of  four.  It  is  probably  also  that  similar  surface  structure  considera¬ 
tions  can  be  used  tojexplain  other  precorrosion  effects  which  have  been  reported  for  high  strength 
aluminum  alloys.”* ' 

It  is  evident  that  the  effects  described  here  may  occur  quite  generally  for  alloys  and 
environments  where  cracking  occurs  intergranularly .  In  the  case  of  Ti-6  Al-4  V  in  brominated  meth¬ 
anol,  lens  than  half  of  the  time  required  to  produce  failure  in  a  normal  stress  corrosion  test  is  actually 
related  to  the  resistance  of  the  alloy  to  stress  corrosion.  °  Similar  results  have  also  been  obtained 
for  low  alloy  steel  samples  in  hot  nitrate  solutions.  ^  In  addition,  the  testing  procedure  itself  may 
have  applications  in  corrosion  fatigue  and  liquid  metal  embrittlement  studies,  as  well  as  in  investiga¬ 
tions  of  stress  corrosion  processes. 

The  uses  of  this  test  method  may  be  broadly  described  as  two-fold:  First,  technologically, 
precorrosion  testing  provides  a  direct  and  quantitative  means  for  evaluating  the  effectiveness  of  surface 
treatments  such  as  glass  bead  or  shot  peening  in  inhibiting  stress  corrosion.  Not  only  is  the  increase 
in  the  overall  time-to-failure  determined,  but  the  dependence  of  this  increase  t  (a)  residual  stress 
effects,  and  (b)  surface  deformation  effects,  can  be  separately  evaluated  because  the  degree  of  inhibi¬ 
tion  of  the  conjoint  action  of  stress  and  corrosion  can  be  accurately  determined.  For  example,  in  the 
case  of  the  aluminum  alloy  2219  (in  wt  %,  6, 3  Cu  -  0,  S  Mn  -  0. 18  Zr  -  0. 1  V  -  0.06  Ti  -  balance  Al)  in  the 
T31  temper  (yield  strength  34,000psi),  the  protective  effect  of  shot-peening  is  due  almost  completely  to 
residual  compressive  stress  effects,  since  a  true  stress  corrosion  process  operates  even  in  the  absence 
of  well-defined  grain  boundaries. 10  In  the  case  of  glass  bead  peened  steel  specimens  tested  in  hot 
mixed  nitrate  solutions,  however,  the  measured  increase  in  resistance  to  cracking  under  stress  corro¬ 
sion  conditions  is  partly  due  to  residual  compressive  stress  and  partly  due  to  surface  grain  boundary 
disruption.”  Second,  in  basic  investigations  of  stress  corrosion,  it  is  crucial  that  the  effects  of  such 
variables  as  heat-treatment,  environment,  and  temperature  be  related  to  their  influence  on  the  stress 
corrosion  process  itself  and  not  to  the  combination  of  pure  corrosion  as  well  as  stress  corrosion  pro¬ 
cesses.  It  would  seem  that  only  by  carrying  out  the  test  procedure  outlined  here  can  this  separation 
of  effects  be  assured , 
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LENGTH  OF  TIME  OURING  WHICH  SPECIMEN  IS  PRECORRODED  WITHOUT 
STRESS  (ARBITRARY  TIME  UNITS)— ► 


Ftg.  1 

Schematic  drawing  showing  two  extreme  cases  for  the  effect 
of  precorrosion  (corrosion  exposure  without  applied  stress) 
on  subsequent  stress  corrosion  time -to-f allure  (measured 
after  the  application  of  the  load). 


Precorrosion  Time  (hours)  -*■ 


Fig.  2 

Subsequent  stress  corrosion  time-to-failure  versus  precor- 
losion  time  (corrosion  exposure  without  applied  stress)  for 
as-machined,  reheat -treated,  and  reheat -treated  and  electro- 
polished  samples  of  7075-T651. 


Fig,  3 

Photomicrographs  showing  the  surfaces  of  the  thrpc 
types  of  specimens  used  for  the  tests  erf  Fig.  2. 
Each  surface  exposed  to  Keller's  etch  for  25  sec, 

(A)  Reheat-treated  and  electropolished 

(B)  Reheat-treated 

(C)  As-machined 


(a)  (b)  (c) 


Fig,  4 

Schematic  drawing  showing,  (a)  deformed  surface  layer  devoid 
of  any  well-defined  grain  boundary  structure,  (b)  penetreiiou  of 
th.s  deformed  layer  by  pitting  corrosion,  and  (c)  initiation  of 
stress  corrosion  once  the  underlying  region  of  well-defined 
grain  boundaries  has  been  reached. 
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SUMMARY 


A  technique  has  been  described  for  using  small  tip  diameter  microelectrodes  to  study  the  stress 
corrosion  behavior  of  various  aluminum  alloys  exposed  to  chloride  environments.  Several  general  obser¬ 
vations  concerning  the  stress  corrosion  behavior  of  aluminum  alloys  were  made:  (1)  propagation  of  a 
stress  corrosion  crack  is  always  accompanied  by  a  decrease  in  pH  near  the  crack  tip;  (2)  increasing 
the  stress  intensity  to  above  Kjg(;Q  results  in  a  rapid  active  shift  in  corrosion  potential;  and  (3)  as 
cracks  progress,  the  corrosion  potential  slowly  drifts  in  the  active  direction.  A  general  mechanism  for 
stress  corrosion  based  on  these  observations  is  that  crack  propagation  occurs  by  active- path  dissolu¬ 
tion  with  a  minimum  applied  stress  required  to  rupture  the  passive  film  and  initiate  crack  propagation. 
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ABSTRACT 


The  pH  and  potential  profiles  down  stress  corrosion  cracks  have  been  determined  on  1100-0, 

2024- T3,  5456-H343,  5456-H117,  and  7075-T651  aluminum  alloys  and  1020  steel  exposed  to  potassium 
chloride  solutions.  The  pH  was  observed  to  decrease  near  the  crack  tip  when  the  crack  was  propagating 
by  stress  corrosion.  Active  jumps  ir.  the  corrosion  potential  followed  by  rapid  repassivation  were 
associated  with  mechanical  crack  propagation.  A  film- rupture- anodic  dissolution  mechanism  was  used 
to  explain  the  results. 


INTRODUCTION 

The  local  solution  chemistry  in  the  crack  tip  vicinity  during  stress  corrosion  cracking  has  recently 
received  considerable  attention  since  Brown  et  al.O)  directly  measured  the  crack  tip  pH.  Brown  et  al.  (1) 
froze  the  crack  tip  solution  of  a  growing  stress  corrosion  crack  in  situ,  broke  the  specimen  open,  gently 
warmed  the  solution,  and  measured  the  pH  using  pH-sensitive  paper  On  aluminum  alloys  stress  corroded 
in  neutral  chloride  solutions,  they  measured  a  crack  tip  pH  of  about  3.5.  Rosenfeld  and  Marshakov  (2) 
have  measured  similar  pH  values  during  crevice  corrosion  of  aluminum  alloys. 

(31 

Edeleanu  and  Evans'  '  predicted  that  a  constant  pH  should  result  during  a  localized  anodic  reaction 
by  the  hydrolysis  of  metallic  ions  or  atoms  and  subsequent  precipitation  of  the  hydroxide  formed  by  the 
reaction.  The  final  pH  is  dependent  on  the  aluminum  ion  concentration,  the  solubility  product  constant 
of  the  hydroxide,  and  the  dissociation  constant  of  water,  ranging  from  about  3.5  to  4.5.  Sedricks  et  al.(4) 
have  recently  extended  the  work  of  Edeleanu  and  Evansfa)  and  have  shown  that  by  using  the  solubility 
product  constant  of  freshly  precipitated  aluminum  hydroxide,  they  can  accurately  predict  the  pH  at  the 
crack  tip  during  stress  corrosion  of  aluminum  in  chloride  environments. 

While  the  work  of  Edeleanu  and  Evans ^  and  Sedricks  ^  allow  prediction  of  the  crack  tip  pH  and 
the  work  of  Brown  et  al.O)  the  measurement  of  the  pH  at  the  crack  tip,  no  method  previously  described 
permits  the  direct  measurement  of  pH  near  the  crack  tip  or  pH  gradients  from  the  crack  tip  to  the  bulk 
solution  during  the  actual  progress  of  stress  corrosion  cracks.  In  the  present  investigation,  micro¬ 
electrodes  having  tip  diameters  of  one  to  five  microns  were  developed  and  used  to  measure  pH  gradients 
during  stress  corrosion  of  various  aluminum  alloys  and  1020  steel  exposed  to  neutral  potassium  chloride. 

MATERIALS  AND  EXPERIMENTAL  WORK 

The  materials  used  in  this  investigation  were  commercial  1100-0,  2024- T3,  5456-H343,  5456-H117 
and  7075-T651  aluminum  alloys.  All  materials  were  in  the  form  of  1/4  or  1/8  inch  thick  sheet. 

Stress  corrosion  specimens  were  machined  from  the  sheet  material  in  the  form  of  single  edge 
notched,  sheet  tensile  specimens  {Figure  1)  such  that  stress  corrosion  cracks  would  grow  in  the  long 
transverse  direction.  The  specimens  were  descaled  followed  by  degreasing  with  methylene  chloride  for 
a  minimum  of  8  hours  in  a  soxhlet  extractor.  The  specimens  were  then  thoroughly  rinsed  in  distilled 
water  and  stored  in  a  vacuum  deosicator.  A  25-  to  40-micron  hole  was  drilled  at  the  base  of  the  notch 
on  some  specimens  while  others  were  fatigue  precracked  prior  to  the  degreasing  treatment. 

The  test  solu'ion  was  contained  in  the  notch  of  the  specimen  by  Teflon  tape  securely  held  in  place 
by  electrical  tape,  as  shown  in  Figure  1.  Restriction  of  the  solution  to  the  notch  area  proved  to  be 
advantageous  for  two  reasons.  Contamination  of  the  microelectrodes  was  reduced  to  a  minimum  and 
observation  and  manipulation  of  the  microelectrodes  was  greatly  simplified. 
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The  stress  corrosion  test  environment  for  microelectrode  studies  was  4.46  percent  potassium 
chloride  dissolved  in  double  distilled  water  of  pF  5.9  to  6.5.  Potassium  chloride  rather  than  sodium 
chloride  was  used  because  sodium  ions  significantly  shorten  the  lifetime  of  the  pH  microelectrode  and 
affects  its  response  at  high  pH  values.  Short  term  comparison  experiments  using  neutral  sodium  chloride 
for  the  test  environment  yielded  identical  results  to  tests  using  potassium  chloride. 

Two  types  of  microelectrodes  have  been  developed  for  this  investigation;  a  pH  and  a  reference 
microelectrode.  A  schematic  representation  of  the  pH  microelectrode  is  shown  in  Figure  2.  A  one 
micron  sealed  tip  approximately  150  microns  long  was  drawn  in  a  pipette  puller  from  a  one  millimeter 
O.O.  glass  pipette  (Corning  type  0150  pH  glass).  The  tip  was  then  examined  at  a  magnification  of  600X 
to  insure  the  tip  was  sealed.  The  microelectrode  was  filled  with  double  distilled  water  and  a  five  mil 
platinum  wire,  cleaned  with  a  hot  solution  of  sulfuric  acid  -  sodium  dichromate,  was  inserted  into  the 
water.  The  platinum  wire  was  externally  connected  to  a  copper  lead  wire. 

The  silver/silver  chloride  (Ag/AgCl)  reference  microelectrode,  shown  in  Figure  3,  was  drawn 
from  a  one  millimeter  O.D.  pyrex  pipette  to  a  5-micron  tip  diameter  approximately  150  microns  long 
with  the  tip  left  open  to  the  solution.  The  microelectrode  was  then  filled  with  a  buffered  0.1N  potassium 
chloride- saturated  silver  chloride  solution.  The  reference  probe  was  a  5-mil  platinum  wire  coated 
with  silver  that  was  chloridized  to  about  half  the  thickness.  Finally,  the  platinum  wire  was  externally 
connected  to  a  copper  lead  wire.  Both  the  pH  and  Ag/AgCl  microelectrodes  were  conditioned  for  at 
least  one  hour  in  4.46  percent  KC1  and  calibrated  before  each  series  of  measurements.: 

A  schematic  representation  of  the  experimental  apparatus  is  shown  in  Figure  4.  For  pH  measure¬ 
ments,  the  pH  microelectrode  was  inserted  mto  the  crack  or  into  the  25-  to  40-micron  hole  drilled  at 
the  base  of  the  notch  and  the  reference  electrode  was  placed  about  25  microns  from  the  root  of  the 
notch.  The  depth  of  microelectrode  immersion  in  microns  into  the  crack  was  measured  by  micro¬ 
manipulators  with  motion  controlled  by  a  micrometer  dial.  The  pH  was  determined  by  measuring  the 
potential  of  the  pH  microelectrode  with  respect  to  the  Ag/AgCl  microelectrode  with  a  high  input 
impedance  (lO^ohm)  battery  powered  electrometer.  The  corrosion  potential  was  determined  by  measur¬ 
ing  the  potential  of  the  specimen  with  respect  to  the  Ag/AgCl  microelectrodes  and  all  potentials  are 
reported  on  the  Ag/AgCl  scale  in  volts.  The  specimen,  micrcc-lectrodes  and  electrometer  are  enclosed 
in  a  Faraday  cage  to  reduce  the  pickup  of  external  electrical  noise. 

The  pH  microelectrodes  were  calibrated  after  conuitioning  in  4.46  percent  KC1  by  measuring  the 
potential  with  respect  to  a  Ag/AgCl  microelectrode  in  4.46  percent  KC1  solutions  buffered  to  pH  values 
in  the  range  of  interest.  The  most  common  pH  solutions  used  as  standards  for  calibration  were  pH  2, 

4,  6  and  8.  A  typical  calibration  curve  with  a  slope  of  58  millivolts  per  pH  unit  is  shown  in  Figure  5. 
Microelectrodes  were  discarded  that  produced  less  than  50  millivolts  per  pH  unit,  a  nonlinear  response, 
or  considerable  drift  between  calibrations.  The  Ag/AgCl  microelectrodes  were  calibrated  by  measur¬ 
ing  the  potential  with  reference  to  a  saturated  calomel  electrode.  If  the  potential  difference  was  between 
35  and  45  millivolts  and  exhibited  less  than  5  millivolts  drift  in  24  hours,  the  Ag/AgCl  reference 
electrode  was  considered  usable. 

The  load  on  the  specimen  was  determined  with  a  load  cell  and  transducer  and  the  load  as  well  as 
potential  were  recorded  on  a  duel  channel  strip  chart  recorder.  The  stress  intensity  was  calculated  (5) 
from  the  load  by  the  expression: 


Pa 


1/2 


B'W 


Y  (a/W) 


where  P  is  the  load,  a  is  the  crack  length,  B  is  the  thickness,  W  is  the  height,  and  Y(a/W)  is  the 
compliance  correction  given  by  (5)  ; 

Y^=  1.88-9.41  (^j  +  18.78  +  18.78  -  38.48  ♦  53.85 

Selected  fracture  surfaces  were  examined  by  transmission  electron  microscopy  using  two-stage, 
plastic-carbon  replicas.  The  plastic  replicas  were  shadowed  at  45°  with  platinum  -  20  percent 
palladium  to  enhance  surface  relief  and  carbon  was  applied  normal  to  the  plastic  replica.  Corrosion 
products  were  removed  from  the  fracture  surface  by  making  several  plastic  replicas  that  were-  dis¬ 
carded  and  a  final  plastic  replica  that  was  shadowed  ar.d  examined. 


MO 
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RESULTS 

For  comparative  purposes,  the  stress  corrosion  resistance  of  2024- T3  and  7075-T651  aluminum 
alloys  was  determined  using  center  precracked,  sheet  tension  specimens  exposed  to  3.5  percent  sodium 
chloride.  The  stress  intensity  below  which  failure  did  not  occur  in  100  hours,  was  determined 

by  loading  specimens  to  a  given  stress  intensity  and  recording  the  time-to-failure.  The  values  of  Kjscc 
determined  were  17  ksi/in.  for  2024-T3  and  11  ksl/in.  for  7075-T651.  The  values  of  Kiscc  were 
probably  slightly  higher  than  the  values  obtained  under  valid  plane  strain  .  ditions  because  of  the  use 
of  subsized  specimens.  However,  the  values  agree  reasonably  well  with  results  of  other  investigators. 

The  results  of  potential  and  pH  measurements  on  aluminum  alloys  exposed  at  various  stress 
intensities  are  summarized  as  follows: 

Al  1100-0 

A1  1100-0  is  commercially  pure  aluminum  and  is  generally  considered  immune  to  stress  corrosion 
cracking.  Figure  6  shows  the  results  of  microelectrode  studies  with  pH  and  corrosion  potential  behavior 
at  various  stress  intensities  shown  as  a  function  of  time.  The  pH  is  given  in  terms  of  depth  above  (+)  or 
below  (-)  the  base  of  the  notch  in  microns.  At  low  stress  intensities,  the  corrosion  potential  reached  a 
steady  state  value  of  -0.750V  (Ag/AgCl)  and  the  pH  was  relatively  constant  when  going  1000  microns  into 
the  bulk  solution  to  250  microns  into  the  hole  drilled  at  the  base  of  the  notch.  When  the  stress  intensity 
was  increased  to  11  ksi/in.,  a  pH  gradient  developed  with  a  one  pH  unit  difference  between  the  bulk 
solution  and  the  crack  tip  and  the  corrosion  potential  shifted  to  -800V  (Ag/AgCl).  This  gradient  in  pH 
quickly  disappeared  (within  10  minutes)  indicating  the  anodic  reaction  at  the  base  of  the  notch  could  not 
be  sustained.  Additional  increases  in  stress  intensity  resulted  in  small  (10  to  20  mV)  jumps  in  corrosion 
potential  in  the  active  direction  and  a  return  of  the  pH  gradient.  Again,  the  gradient  disappeared  within 
10  minutes  and  the  corrosion  potential  rapidly  returned  to  the  value  before  the  increment  of  stress 
intensity  was  added.  If  sufficient  time  between  increments  in  stress  intensity  were  allowed,  the  corrosion 
potent1  al  returned  to  -0.750V  (Ag/AgCl)  or  the  value  before  stressing., 

Al 2024-T3 

Kiscc  for  Al  2024- T3  was  determined  as  17  ksi/ih.  and  is,  therefore,  susceptible  to  stress 
corrosion  at  higher  stress  intensities.  Figure  7  shows  the  pH  and  corrosion  potential  at  various  stress 
intensities  below  and  above  Kiscc  ^  a  function  of  time.  Below  KiscC>  n0  pH  gradients  developed,  the 
corrosion  potential  reached  a  steady-state  value  of  -0.700V  (Ag/AgCl)  and  increases  in  stress  intensity 
had  no  effect  on  the  corrosion  potential.  Above  KISCC.  pH  gradients  developed  and  persisted  as  long  as 
the  stress  intensity  was  maintained  above  Kiscc-  Increases  of  the  stress  intensity  above  KISCC  resulted 
in  active  jumps  in  the  corrosion  potential  with  the  peak  potential  exceeding  -1.0V  (Ag/AgCl).  The 
corrosion  potential  quickly  returned  (2  to  5  minutes)  to  the  original  value  before  the  increment  in  stress 
intensity.  Just  prior  to  final  failure,  the  stress  intensity  was  increased  with  a  resultant  jump  *n  corrosion 
potential.  The  potential  rapidly  decayed  to  within  20  mV  of  the  value  before  stressing  then  shifted  in  the 
active  direction  to  about  -0.800V  (Ag/AgCl).  This  shift  in  corrosion  potential  was  accompanied  by  a 
drop  in  stress  intensity.  Finally,  the  corrosion  potential  began  to  shift  in  the  noble  direction  with  the 
corrosion  potential  at  -0.750  (Ag/AgCl)  at  the  time  of  failure. 

Al  5456-H343 

Al  5456-H343  is  generally  considered  susceptible  to  stress  corrosion  in  chlorides.  The  results  of 
microelectrode  measurements  are  shown  in  Figure  8.  Large  pH  gradients  were  noted  at  stress 
intensities  as  low  as  8  ksi  /in.  and  a  difference  in  behavior  from  earlier  alloys  was  noted.  The  bulk 
solution  pH  rose  to  pH  9  while  the  pH  of  the  solution  in  the  hole  decreased  to  a  value  of  5.7  from  the 
initial  bulk  solution  value  of  6.5,  After  about  30  minutes,  the  pH  gradient  disappeared  and  the  bulk 
solution  increased  to  a  value  of  about  7.8.  The  solution  was  replaced  with  fresh  solution  of  pH  6.0  and 
the  test  continued.  At  higher  stress  intensities,  the  pH  gradients  again  developed  with  the  bulk  solution 
pH  increasing  with  time  and  the  crack  tip  pH  decreasing  with  time.  Finally,  after  a  large  crack  had 
formed,  copious  hydrogen  evolution  was  noted,  and  this  hydrogen  evolution  caused  a  mixing  and  a 
reduction  in  the  magnitude  of  the  pH  gradient. 

Al  5456-H117 

Alloy  5456-H117  has  been  developed  for  its  immunity  to  stress  corrosion  by  reducing  the  number  of 
intergranular  precipitates.  The  results  of  microeiecirode  measurements  are  shown  in  Figure  9.;  Even 
at  4  ksi/in.,  large  pH  gradients  were  developed  shortly  after  application  of  a  load.  The  crack  tip  pH 
was  about  4.7  while  the  bulk  solution  pH  increased  to  8.5  to  9.0.  After  10  to  15  minutes,  tiie  pH  gradient 
disappeared  and  did  not  return  until  *<e  stress  intensity  was  increased  whereupon  it  once  again 
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disappeared  after  about  10  to  15  minutes.  The  solution  was  replaced  with  fresh  solution  of  pH  6  after 
leveling  off  as  the  bulk  solution  pH  had  increased  to  about  8.  At  higher  stress  intensities  with  fresh 
solution,  the  crack  tip  pH  reached  a  value  of  4.3  with  the  bulk  solution  pH  of  6.  However,  after  10  to  15 
minutes,  the  gradient  disappeared  and  the  solution  pH  slowly  shifted  to  higher  values.  At  very  high 
stress  intensities,  i.e.,  26  ksi/in.,  the  crack  propagated  mechanically  to  an  extent  that  the  applied  stress 
intensity  dropped  by  150  ksi  /In.  before  the  crack  arrested.  Even  at  the  higher  stress  intensities,  crack 
propagation  could  not  be  sustained. 

A1  7075-T651 

Kiscc  *or  A1  7075- T651  was  determined  to  be  11  ksi /in.  Results  of  microelectrode  measurements 
are  shown  in  Figure  10.  At  low  stress  intensities,  below  KiscC>  no  PH  gradients  developed.  At  a  stress 
intensity  above  Kpgcc  a  pH  of  3.8  at  the  crack  tip  was  reached.  The  bulk  solution  pH  at  this  stress 
intensity  also  decreased  to  about  pH  5.  At  ?  7  ksi  /in.  with  fresh  solution,  the  crack  tip  pH  was  5  while 
the  bulk  solution  pH  reached  8.2.  Finally,  at  36.7  ksi  /in.,  copious  hydrogen  evolution  produced  mixing 
of  the  solution  in  the  crack  and  leveled  the  pH  gradient  at  about  pH  4.  Also  noted  were  the  active  shift 
in  corrosion  potential  with  increases  in  stress  intensity.  Failure  followed  shortly  after  this  leveling. 

A  specimen  of  1020  steel  was  also  examined  jsing  the  microelectrode  technique  as  snown  in  Figure 
11.  The  1020  steel  showed  pH  gradients  both  at  low  stress  intensities  and  at  high  stress  intensities.  The 
pH  at  the  crack  tip  reached  a  minimum  value  of  about  4.7  while  the  bulk  solution  pH  w.ns  never  higher 
than  6.  Also,  increases  in  stress  intensity  caused  a  much  smaller  active  shift  in  corrosion  potential. 

The  corrosion  potential  did  show  a  slow,  active  shift  as  the  crack  lengthened. 

Fractography 

Transmission  electron  micrographs  of  tw^,  -stage,  plastic-carbon  replicas  of  selected  fracture 
surfaces  were  taken  to  substantiate  that  s;  ress  corrosion  crack  growth  and  the  development  of  pH 
gradients  could  be  correlated.  A  specimen  of  2024-T3  was  stressed  to  28  ksi/in.  in  4.46%  KC1  and 
microelectrodes  inserted.  As  soon  as  a  pH  gradient  developed,  the  solution  was  removed  and  the  speci¬ 
men  mechanically  broken  open.  A  replica  of  the  fracture  surface  just  below  the  notch  root  was  taken  as 
shown  in  Figure  12.  The  fracture  was  intergranular  with  evidence  of  secondary  grain  boundary  cracks, 
typical  for  stress  corrosion  of  aluminum  alloys  in  chloride  environments. 

Some  question  existed  concerning  the  development  of  pH  gradients  for  A1  1100-0  and  A1  5456-H117, 
since  both  alloys  are  considered  to  be  immune  to  stress  corrosion.  Figure  13  shows  a  micrograph  of 
a  fracture  surface  after  microelectrode  measurements  on  5456-H117.  Indications  of  intergranular 
stress  corrosion  are  clearly  evident  on  the  fracture  surface  (Figure  13a)  in  contrast  to  the  dimple 
rupture  (Figure  13b)  on  the  area  of  the  fracture  surface  produced  by  mechanical  crack  propagation. 
Figure  13c  shows  the  grain  boundary  structure  with  only  random  grain  boundary  precipitates  present. 

Finally,  replicas  were  taken  to  correlate  the  jumps  in  corrosion  behavior  with  fracture  mode. 

Figure  14  shows  the  fracture  surface  from  a  specimen  of  7075-T651  showing  a  region  of  predominately 
dimple  rupture  between  two  regions  of  quasi-cleavage.  The  dimple  rupture  area  was  formed  by  mechani¬ 
cal  crack  propagation  and  exposed  unfilmed  metal  to  the  solution.  The  potential  immediately  jumped  to 
abort  -1.8V  (Ag/AgCl).;  Once  the  area  repassivated,  stress  corrosion  proceeded.; 

DISCUSSION 

The  results  of  this  program  show  several  observations  that  are  specific  to  stress  corrosion  of 
aluminum  alloys:  (1)  crack  propagation  is  always  associated  with  acidification  at  the  crack  tip; 

(2)  increases  in  stress  intensity  cause  rapid  jumps  in  the  corrosion  potential  only  when  the  stress  in¬ 
tensity  is  above  and  (3)  the  corrosion  potential  drifts  in  the  active  direction  if  extensive  crack 

propagation  oc  ’urs.  Furthermore,  the  microelectrode  technique  has  been  shown  to  be  very  sensitive  for 
determining  the  susceptibility  of  aluminum  alloys  to  stress  corrosion  cracking.  Each  of  these  aspects 
of  stress  ct. erosion  will  be  discussed  as  follows.; 

The  acilification  associated  with  stress  corrosion  crack  propagation  was  originally  predicted  by 
Edeleanu  and  Evans  ^  and  extended  by  Sedricks  et  al.  W.  The  anodic  reaction  is  originally:, 

A1  =  Al43  +  3e 
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while  several  possibilities  exist  for  the  cathodic  reaction: 

3H+  +  3e  =•  3/2  H2 
3/4  O2  +  3/2  H20  +  3e  =  3  OH- 
3/4  02  +  3H+  +  3e  =  3/2  HzO 
3/2  H2  t  30H-  =  3H20  +  3e 

all  of  which  remove  hydrogen  ions  from  solution.  When  the  solubility  oroduct  constant  for  aluminum 
hydroxide  is  exceeded,  the  anodic  reaction  becomes  A1  +  30H*=  A1  (OH,'3  +  3e  and  a  constant  pH  results. 
This  pH  has  been  calculated  by  Edeleanu  and  Evans  (3)  and  Sedricks  et  el.  (4)  from  the  expression: 


where  aud  K  are  the  solubility  product  constants  for  the  dissociation  of  water  and  the  formation  of 
insoluble  hydroxide,  respectively,  and  [Al+3]  is  the  concentration  of  aluminum  ions  in  solution.  Hence, 
the  pH  depends  only  on  the  aluminum  ion  concentration  in  solution,  all  remaining  terms  being  constants. 

The  present  results  indicate  acidification  occurs  close  to  the  crack  tip  while  an  increase  in  pH 
occurs  at  some  distance  from  the  crack  tip.  The  reason  for  a  difference  in  pH  for  different  distances 
from  the  crack  tip  is  that  anodic  and  cathodic  reactions  are  separated  by  a  finite  distance.  Once 
precipitation  of  aluminum  hydroxide  begins,  the  pH  stabilizes  both  at  the  crack  tip  and  in  cathodic  areas. 
Hydroxide  produced  at  cathodic  areas  is  consumed  by  hydroxide  formation  in  anodic  areas  and  a  steady 
state  is  achieved.  Measurement  of  the  pH  can  be  used  to  calculate  the  concentration  of  aluminum  ion  in 
solution. 

The  rapid  shifts  in  corrosion  potential  accompanying  increases  in  applied  stress  intensity  were  only 
observed  when  the  final  stress  intensity  was  above  KigcC  on  aluminum  alloys.  The  increase  in  stress 
intensity  apparently  ruptures  the  passive  film,  exposing  unfilmed  aluminum  to  the  solution.  Film  forma¬ 
tion  is  rapid  and  the  corrosion  potential  returns  quickly  to  the  value  that  existed  before  the  stress 
intensity  was  increased.  Electron  micrographs  of  the  fracture  surface  indicate  zones  of  quasi- cleavage 
tyoical  of  stress  corrosion,  separated  by  zones  showing  dimple  rupture  typical  of  mechanical  crack 
propagation  as  shown  in  Figure  14  to  substantiate  that  unfilmed  metal  was  exposed  to  the  solution.  Since 
this  behavior  occurs  only  above  KxscC-  apparently  KiscC  is  the  stress  intensity  required  to  rupture  the 
passive  film. 

The  flow  active  drift  in  the  corrosion  potential  accompanying  crack  propagation  was  originally 
observed  during  stress  corrosion  of  stainless  steel  in  hot  chloride  environments.  The  explanation 
generally  given  for  this  type  of  behavior  is  that  an  increasing  area  of  active  crack  tip  is  exposed  to  the 
solution,  giving  a  more  active  corrosion  potential. 

The  final  aspect  of  the  present  program  to  be  considered  is  the  ability  of  this  technique  to  evaluate 
materials  concerning  susceptibility  to  stress  corrosion  cracking.  Of  the  alloys  examined  using  micro¬ 
electrodes,  5456-H117  is  considered  immune  to  stress  corrosion  while  7075-T651  is  considered  v^ry 
susceptible.;  Comparison  of  Figure  9  after  2,5  hours  with  Figure  10  at  70  hours  shows  the  pH  profile 
down  a  stress  corrosion  crack  shortly  after  the  application  of  stress  for  both  alloys.  As  can  be  seen, 
the  profile  is  very  nearly  the  same  for  the  two  materials,  indicating  both  are  susceptible  to  stress 
corrosion..  About  10  to  15  minutes  after  the  application  of  the  stress,  the  behavior  of  the  two  materials 
was  quite  different.  The  pH  gradient  on  7075-T651  had  not  changed  while  no  pH  gridient  was  observed 
on  5456-H117.  This  behavior  indicates  that  cracks  will  initiate  and  propagate  on  7075-T651  while  cracks 
will  not  propagate  on  5456-H117.  This  behavior  is  similar  to  the  behavior  observed  by  Sprowls  for 
actual  exposure  tests. 

The  results  of  this  investigation  indicate  that  a  film  rupture- anodic  dissolution  mechanism  is 
operating  during  stress  corrosion  cracking  of  aluminum  alloys..  Two  observations  have  led  to  this  con¬ 
clusion:  (1)  the  behavior  of  the  corrosion  potential  with  increases  in  stress  intensity;  and  (2)  the  decrease 
in  pH  associated  with  crack  propagation.  Increasing  the  stress  intensity  does  not  affect  the  corrosion 
potential  unless  the  final  stress  intensity  is  above  Kiscc-  The  effect  is  t0  tause  a  rapid  active  shift  in 
the  corrosion  potential.  This  behavior  has  been  interpreted  such  that  Kiscc  is  the  minimum  stress 
intensity  requireu  to  rupture  the  film.  The  decrease  in  pH  near  the  crack  tip  can  only  be  associated 
with  anodic  dissolution  at  the  crack  tip.  The  only  way  that  a  decrease  in  pH  can  occur  is  for  aluminum 
ions  to  be  produced  and  hydrolized.  Hence,  with  the  above  observations,  a  film  rupture-anodic 
dissolution  mechanism  appears  most  plausible.. 
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TRANSDUCER 


Figure  Schematic  representation  of  experimental  apparatus. 
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Figure  7  Crack  tip  pH  and  potential  as  a  function  of  applied 
stress  Intensity  for  2024-T3  aluminum  alloy  exposed 
to  4.46#  KC1. 
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Figure  8  Crack  tip  pH  and  potential  as  a  function  of  applied  stress 
Intensity  for  5456-H343  aluminum  alloy  exposed  to  4.46#  KC1. 
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Figure  10  Crack  tip  pH  and  potential  as  a  function  of  applied  stress 
Intensity  for  7075-T651  exposed  to  KC1. 
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STRESS  CORROSION  TESTING  OF  WELDED  JOURS 
Hy  -•  <3.  Gooch 


SINuPSIS 

Service  stress  corroslcc  failures  are  frequently  associated  with  welded  joints.  The  present  paper 
outlines  the  technique  used  at  The  Welding  Institute  for  assessing  the  stress  corrosion  behaviour  of 
weldaents,  and  gives  so#*  illustrative  results.  Reference  is  sad*  to  aspects  of  weld  testing  requiring 
particular  attention. 


1.  INTRODUCTION 

Stress  corrosion  cracking  (SCC)  is  likely  to  be  particularly  associated  with  welded  joints  in  consequence 
of  a  number  of  factors.  Unless  the  structure  is  effectively  stress  relieved,  tensile  residual  stresaee 
will  re aain  in  the  weld  arse,  while  the  irregular  weld  reinforcement  will  provide  e.  stress  concentration, 
and  favour  hideout  of  aggressive  chemical  species  in  the  environment.  Further,  the  welding  thermal  cycle 
may  induce  metallurgical  changes  causing  local  susceptibility  to  SCC  greater  than  that  of  the  parent 
material.  Since  welding  is  the  most  coaeon  aethod  of  fabrication  of  metallic  structures,  it  is  Imperative 
that  attention  be  paid  to  the  SCC  behaviour  of  welded  joints  during  a  material  development  or  evaluation 
programme. 

The  application  of  fracture  mechanics  principles  using  ore-cracked  specimens  offers  a  number  of 
advantages  in  SCC  testing  of  welded  joints.  The  conditions  necessary  for  propagation  of  a  weld  defect 
by  SCC  can  be  determined,  and  related  to  the  type  and  orientation  of  defects  that  may  be  encountered  in 
practice.  Further  it  is  pnsaible  to  site  the  pre-existing  defect  in  any  region  of  a  test  weld,  and  assess 
the  SCC  behaviour  of  that  region  independently  of  defects  elsewhere. 

n) 

An  investigation  is  in  progress  at  The  Welding  Institute  to  study  the  SCC  behaviour  of  welded  joints  . 
Attention  has  been  paid  to  quantitative  assessment  of  the  susceptibility  of  weldments  in  a  range  of 
transformable  steels,  and  also  to  the  cause  of  failure  and  the  effects  of  material  composition  and  micro- 
structure.  The  present  paper  outlines  the  SCC  testing  approach  adopted,  and  gives  some  illustrative 
results. 

2.  EXPERIMENTAL  TECHNIQUE 

2.1.  Oeneral  Approac- 

SCC  tenting  is  carried  out  using  single  edge  notched  (SHI)  specimens,  stressed  in  3-point  bend.  The 
corrodents  generally  employed  are  3$  NaCl  or  simulated  seawater  as  representative  of  media  causing  SCC  of 
hardenable  steels. 

KqSCC*  determinations  are  made  conventionally  using  a  number  of  specimens,  each  stressed  at  constant 
load,  although  an  incremental  loading  technique  has  been  employed  and  found  to  give  similar  results. 

2.2.  Specimen  Preparation 

When  testing  welded  joints,  two  distinct  methoda  of  specimen  preparation  are  adopted,  namely  deposition 
of  an  actual  weld,  or  weld  simulation.  The  former  is  essential  if  weld  metal  studies  are  to  be  carried 
out,  but  it  may  be  difficult  to  directly  lest  the  heat  affeoted  zone  (HA2)  of  a  single  pass  weld,  since 
weld  and  specimen  dimensions  may  prove  restrictively  small.  In  such  cases  weld  simulation  is  particularly 
useful,  as  single  run  microstructures  can  be  reproduced  in  a  conveniently  sized  specimen. 

2.2.1.  Weld  Testing 

The  welding  technique  normally  employed  is  illustrated  in  Fig.  1.  A  K-preparatlon  is  used,  with  a 
buttering  technique,  to  give  a  planar  through- thickness  HAZ,  as  shown  in  Fig,  2,  The  completed  butt  weld 
is  machined  into  SEN  specimens,  and  the  pre-existing  notch  sited  in  the  region  of  Interest.  Tie  fatigue 
orack  tip  can  generally  be  positioned  to  within  aim  radius  without  the  necessity  for  side  grooving. 
However,  the  preoise  area  of  the  weld  sampled  by  the  fatigue  crack  tip  is  positive 'y  identified  after  SCC 
testing  by  hardness  measureiaent  and  aetallographic  examination.  The  results  obtained  can  thus  be 
oorreluttd  with  each  region  of  vhe  weld. 

2.2.2.  Simulated  Weld  Testing 

The  thermal  cycle  associated  with  welding  nay  be  simulated  ia  one  of  three  ways,  viss- 

1)  Furnace  simulation,  followed  by  quenohing  in  a  suitable  medium. 

This  is  useful  for  the  production  of  large  specimens,  but  it  my  be  difficult  to 
achieve  the  high  heating  and  oooling  rates  encountered  in  an  actual  weld.  It  may 
further  require  considerable  experimentation  on  heat  treatment  conditions  to  accurately 


*It  is  not  always  possible  to  define  the  yield  streee  of  a  given  region  of  a  weld;  thus,  although  plane 
strain  conditions  are  aimed  at  for  parent  material,  it  is  not  certain  that  these  are  obtained  in  weld 
testing. 
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rtpidae*  the  required  HAS  nlcroetrocture. 
il)  Ban  of  a  Wold  ftiml  Simulator. 

By  electrical  roots  tone*  or  induction  hooting  o  apecinen  bold  in  high  hoot  dak  grips, 
high  hooting  oad  cooling  rotoe  eon  bo  obtolaod,  programs*  to  reproduce  a  gim  wold 
thorns),  cyclop).  Typically,  specimens  of  10  i  10  ■  croso  soctioa  can  ho  prepared, 
although  ocao  limitation  ca  cooling  rati  aast  bo  aocoptod,  togothor  with  tho  oocoaoity 
for  experimentation  to  roprodneo  tho  dooirod  nicrostrueture. 

Ill)  Hectren  boai  (ZB)  woldlag. 

SB  woldlag  nay  bo  nsod  la  its  own  right  as  a  fabrication  procoss,  and  specimen  SCC  wolds 
prodnead  haring  pxenar  HAZs  with  no  necitoeity  for  wold  preparation.  Tho  procaaa  also 
enables  high  coolini;  rates  to  bo  obtaiaod  by  virtue  of  a  largo  heat  alak  adjacent  to  tho 
wold  bead,  Thu*.  ZB  wolds  aay  bo  prepared  to  giro  HAZs  of  sari  a—  hardaoaa  la  relatively 
largo  apacisaaa.  The  aathod  la  particularly  applicable  to  alloye  of  low  hardenability,  to 
reproduce  the  severe  practical  caaa  of  tho  hard  stereatrocturea  found  adjacent  to  snail  weld 
beads  1 spool ted  under  conditions  giving  rapid  cooling. 

3.  RESULTS 

3.1.  Typical  8CC  data 

Table#  1  to  3  ahow  aaterial  conpositioac ,  heat  treatment  and  welding  conditions  representative  of  those 
studied  at  The  balding  Institute,  Associated  SCC  data  obtained  using  the  above  techniques  are  given 
in  Table  4,  aad  illustrate  the  diocrlnination  possible  between  various  regions  of  welds  nede  by  •  variety 
of  processes. 

3.2.  Overall  findings 


Results  ac  far  obtained  on  welded  joints  in  a  wide  range  of  farritlc  steels  have  enabled  the  following 
general  conclusion  .  to  be  reached: - 

1)  Differentiation  suet  be  aade  between  low  alloy  steels,  and  low  carbon  precipitation 
hardening  seterlaln. 

ii)  With  alloys  giving  narked  HAZ  hardening,  post-weld  heat  treatnent  is  essential  to 

restore  SCC  resistance.  If  such  treatnent  is  not  applied,  increased  SCC  susceptibility 
will  be  found  In  the  transformed  HAZ,  although  softening  associated  with  the  aub-critical 
HAZ  nay  deeiease  the  susceptibility  of  this  region. 

ill)  With  low  carbon  preolpltation  hardening  alloys,  the  susceptibility  of  the  softened, 

as-welded,  transformed  HAZ  will  probably  be  a  little  higher  than  that  of  parent  material. 
However,  post-weld  heat  treatnent  to  restore  HAZ  mechanical  properties  generally  results 
in  a  HAZ  SCC  resistance  comparable  with  that  of  parent  notarial. 

iv)  If  post-weld  heat  treatnent  is  not  applicable,  the  use  of  a  temper  bead  welding  technique 
is  recosaeuded. 

v)  The  necessity  for  post-weld  heat  treetnent  is  dependent  on  the  HAZ  aicroetructure^ 
if  twinned  martensite  is  fomed  during  the  welding  cycle,  SCC  susceptibility  increases 
aarkedly ,  and  a  tempering  treatment  beoomea  essential.  Other  martensites  have  comparable 
and  higher  SCC  renistance.  This  is  illustrated  by  reference  to  Fig.  3. 

V.  GENERAL  COMMENTS 

It  is  well  recognised  that  loss  of  fracture  toughness  associated  with  SCC  nay  result  in  a  very  high 
sensitivity  to  defects.  This  is  particularly  apparent  if  welded  joints  are  considered,  and  KjSCC 
values  obtained  STperimen  ;ally  are  expressed  in  terms  of  a  defect  tolerance  parameter  by,  for  example, 
the  general  relationship 


where  'K' ,  'o',  and  'a*  have  the  usual  meanings. 

However,  it  is  difficult  to  define  a  value  of  stress  applicable  to  weld  joints  in  serrl  /-»,  It  can  be 
appreciated  that  allowance  should  be  aade  for  design  loading,  residual  contractual  and  transformation 
stresses,  and  geometric  stress  concentrations,  but  as  yet  it  is  only  an  approximate  resultant  stress  that 
oan  be  obtained.  Prudence  dictates  that  any  approximation  should  be  conservative,  and  thus  d)i«ct 
quantitative  application  of  Kjscc  data  to  obtain  a  defect  tolerance  may  result  in  a  defect  sine  for  a 
weldment  that  is  prohibitively,  and  perhaps  unrealistically,  small.  While  Kjgcc  data  readily  enable 
coapariaoa  to  be  aade  between  areas  of  a  weld,  or  between  different  materials,  it  must  be  recommended  at 
the  present  time  that  conventional  SCC  testing  of  welds  representative  of  practice  be  undertaken  conjointly 
with  pre-cracked  specimen  studies.  It  is  remarked  that  such  testing  is  further  desirable  to  enable 
assessment  to  be  made  of  the  contribution  of  service  corrosion  and  pitting  etc.  to  SCC  initiation. 


‘A 


10-3 


Whan  SOC  testing  nIM  Joints,  rtfirwi  aunt  b*  unde  to  welding  process  and  conditions.  This  in 
particularly  tnt  in  tha  constructional  flald,  where  poet-veld  bnat  treatnent  ia  seldon  stfllwMa,  and 
welding  technique  largaly  deternlnes  HAZ  and  weld  natal  si  cr os  true turn,  and  aaaoeiatad  3CC  suece ptlUllty . 
■fan  if  poet-veld  bant  traatnant  la  applied,  procaaa  and  ooadltlcna  aoat  ba  conaidarad  parti cnlarly  ainea 
weld  natal  conpoaitiaa,  inolaaioa  distribution  ate.  will  vary  fron  procaaa  to  procaaa. 

Beoognitiea  aboold  alao  ba  nada  of  tha  affaeta  of  service  anrironaant  on  SCO  behaviour*  Tha  eanaa 
of  8t*.  of  high  strength  ataala  ia  in  dispute,  but  work  at  Tha  Welding  Institute  baa  indicated  failure  la 
tbe  general  eaaa  to  ba  doa  to  hydrogen  aahrlttlaaawtW .  Tha  anount  of  hydrogen  entering  a  a  teal  structure 
in  sarvica  will  depend  on  tha  anrironaant,  and  allowance  for  this  should  be  aada  daring  testing,  la  an 
illustration,  Snaps v 5)  found  6-7  nl/lOOg  of  hydrogen  in  steal  exposed  to  an  'rid  HjS  test  solution  for  7  hrs. 
At  Tha  Voiding  Institute,  only  2  al/100*  wan  found  after  exposure  to  %  NaCx  after  1000  hrs,  indicating 
this  cannon  teat  solution  to  be  by  no  aaana  an  anrironaant  causing  aoat  eabrittleaent.  At  tha  sane  tine, 
cooperative  data  obtained  in  3#  HaCl  should  ba  generally  applicable  unless  aarrica  corrosion  of  a  glrsn 
alloy  differs  aarkedly,  in,  for  exasple,  tendency  towards  pitting  etc. 
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Fig.  1.  K-oreparation  welding  procedure  (a)  ioint  preparation,  ( b I  one  side  buttered  with  weld  metal,  ( n  iomt  completed,  and, 
(d)  iomt  m  'chined  and  notched  as  required. 
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Table  1.  Material  analyses. 


Material 

Element  Wt,  % 

C  Si  Mb 

Ni 

Cr 

Mo  Cu 

V 

Ti 

Co 

BS  140  0.39  0.30  O.51 

0.30 

3.0 

1.06 

0.20 

- 

- 

FV  520S  0.07  0.45  1.26 

5.57 

15.3 

1.73  1.7 

- 

0.15 

- 

18#  Mi  0.009  0.005  0.09 

18.0 

- 

3.19 

- 

0.31 

9.25 

NCHV  0.45  0.80  0.47 

1.74 

1.32 

O.94 

0.25 

- 

- 

Table  2.  Heat  treatment  conditions. 

Heat  treatment 

Parent  material  mechanical  properties 

Steel 

Before  welding 

After  welding 

Hardness 

HV  20* 

field  stream 

N/am2  (tonf/in2) 

RS  1U0  9°0OC.  1  hr  0}: 

K  140  T  6006C  1  hr  AC 

T  600°C, 

1  hr  AC 

442 

1150 

(75) 

1050°C,  5  min  ACs 
FV52CS*  75°°C,  2  hr  ACs 

20°C  2  hr. 

7j;00C,  2  hr  AC: 
0DC,  2  hr: 

PH  450°C,  2  hr  AC 

410 

1140 

(74) 

WN.  820°C,  1  hr  (XL : 

1SiWl  PH  480°C,  3  hr  AC 

PH  480°C, 

3  hr  AC 

408 

1230 

(80) 

NCKV  920°C  1  hr  OCi: 

NCMV  T  3506C,  1  hr  AC 

T350°C,  1 

hr  AC 

460 

1630 

(106) 

Notea:  *  Mean  of  10  determinations 

+  Mean  of  3  teata 

x  With  electron  beam  welding,  post-weld  heat  treatment 
OQ  =  Oil  quenched  to  ambient  temperature. 

AC  =  Air  cooled  to  ambient  temperature. 

T  =  Tempered. 

PH  =  Precipitation  hardened. 

was  -70°C, 

1  hr:PH450°C,  2hi 
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SCREENING  TESTS  OF  SUSCEPTIBILITY 
TO  STRESS  CORROSION  CRACKING 

by 

G.  J.  Biefer*  and  J.  G.  Garrison** 

Research  Scientist*  and  Senior  Technologist** 
Corrosion  Section,  Physical  Metallurgy  Division 
Mines  Branch,  Department  of  Energy,  Minas  and  Resources 
568  Booth  Street 

Ottawa,  Ontario,  K1AOG1,  Canada 


SUMMARY 


For  five  high-strength  alloys,  susceptibilities  to  the  propagation  of  stress- 
corrosion  cracking  (SCC)  have  been  assessed.  Using  3.  5%  NaCl  solution  as  the 
medium,  both  parent  and  weld  metals  were  investigated.  Specimens  were  studied 
under  freely  corroding  conditions,  and  also  cathodically  protected  at  the  potentials 
given  by  cadmium  and  by  fine  sacrificial  anodes.  The  well-known  cantilever  test 
was  used;  the  test  specimens, cut  from  1/2-  and  3/4-in.  plates,  were  bars  njtched 
on  both  the  sides  and  the  top.  Prior  to  tests,  a  pre- crack  was  always  produced  at 
the  base  of  the  top  notch  by  fatiguing  in  air..  The  equipment  was  designed  so  that 
specimens,  loaded  as  cantilevers,  were  broken  by  means  of  a  steadily  rising  load. 
This  was  applied  by  dripping  water  at  a  constant  rate  into  a  container  suspended 
from  the  end  of  the  cantilever  beam. 

Results  were  reported  in  term--  of  the  nominal  stress  intensities  K*  at 
fracture.  While,  strictly  speaking,  only  of  qualitative  significance,  reproducibility 
of  the  K*  valu<  s  was  good  and  the  effects  of  metallurgical  and  environmental  factors 
could  be  readi)  /  estimated.  For  example,  it  appeared  clear  that  for  each  of  18% 

Ni  (200)  mar^ging,  HP9-4-25  and  HY  140  steels,  resistance  to  SCC  propagation  is 
noticeably  impaired  by  cathodic  protection  at  the  potential  provided  by  zinc,  i.  e. , 
about  -1.05  volts  saturated  calomel  electrode  (SCE).  Resistance  t<~  -racking  is 
considerably  greater  than  this  at  the  potential  provided  by  cadmium,  i.  e. ,  about 
-0.  75  volt  SCE._  For  the  maraging  and  HP9-4-25  steels,  weld  metal  is  notch- 
sensitive  under  dry  conditions  and  is  considerably  less  resistant  to  SCC  than  parent 
metal.  Titanium  6211  and  Inconel  718  are  both  highly  resistant  to  SCC  propagation 
under  all  test  conditions  investigated. 
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SCREENING  TESTS  OF  SUSCEPTIBILITY 
TO  STRESS  CORROSION  CRACKING 

G.  J.  Biefer  and  J.  G.  Garrison 


INTRODUCTION 

The  Physical  Metallurgy  Division  (PMD)  of  the  Canadian  Department  of  Energy,  Mines  and 
Resources  became  involved  with  the  stress -corrosion  cracking  (SCC)  of  high-strength  materials 
because  of  its  close  working  relationship  with  the  Canadian  Department  of  National  Defence.  In 
particular,  we  have  been  connected  with  the  Canadian  FHE  -400  prototype  Hydrofoil  Craft.  The 
material  chosen  for  the  foils  system  of  the  Hydrofoil  was  18%  Ni  (250)  maraging  steel,  which  has  a 
yield  strength  of  250,  000  psi.  However,  there  have  been  operational  difficulties  because  of  stress- 
corrosion  cracking  of  the  foils  in  sea  water,  much  of  the  cracking  being  of  the  hydrogen-embrittlement 
type.  It  therefore  appeared  that  a  more  crack-resistant  alloy  would  have  to  be  used  if  more  hydrofoil 
craft  were  to  be  constructed. 

Consequently,  the  Canadian  Navy  asked  PMD  to  investigate  a  number  of  alternative  high-strength 
materials  which  might  be  used  instead  of  the  250  grade  maraging  steel  in  future  Hydrofoils,  or  in  other 
demanding  marine  applications.  An  important  part  of  this  investigation  was  ?n  assessment  of  SCC 
susceptibility.  We  decided  to  use  the  SCC  test  developed  by  B.  F.  Brown  ()/,  in  which  notched,  pre¬ 
cracked  metal  specimens  are  stressed  in  cantilever  bending.  To  economise  on  technician  operating 
time  and  also  on  total  lapsed  time  in  the  tests,  we  decided  to  fracture  the  specimens  by  application  of 
a  steadily  rising  load. 

EXPERIMENTAL 

The  alloys  selected  for  study  were  those  described  >n  Tablec,  1  and  2.:  Both  parent  and  weld 
metal  were  investigated.  The  welding  was  carried  out  at  PMD  and  was  TIG,  except  for  the  titanium 
alloy,  which  was  pulsed-arc  MIG.  Both  parent  and  weld  metal  of  200  grade  maraging  steel  had  been 
aged  at  900'F  prior  to  testing.  Inconel  718  plate  had  been  received  in  the  solution-treated  condition; 
specimens  cut  from  this  plate  had  then  been  given  a  two-stage  ageing  treatment  at  1325°F  then  at  1I50°F,. 
before  testing.  The  Inconel  718  welds  had  been  solution  treated  at  2000°F;  the  specimens  had  then  been 
machined  and  the  ageing  treatment  performed  as  for  th  parent  specimens.  No  heat  treatments  had 
been  gi>  en  to  the  other  three  alloys  tested. 

Our  test  specimens,  similar  to  those  used  by  B.  F..  Brown  and  co-workers,  have  been  bars 
6  to  8  in.  in  length  cut  from  1/2-  and  3/4-in.  plate,  the  lengths  of  the  bars  being  in  the  rolling  direction 
and  their  depths  in  the  direction  of  the  plate  thickness.  Weld  metal  specimen!  were  cut  with  their 
lengths  transverse  to  a  butt  weld..  As  shown  in  Figure  1,  the  bars  were  notched  on  their  sides  and  also 
on  their  upper  surfaces;  weld  metal  specimens  were  notched  on  the  weld  centre  plane.  Prior  to  tests, 
specimens  were  always  pre-cracked  in  the  upper  notch  to  a  depth  of  0.  010  to  0.  030  in.  by  fatiguing  in 
air.  The  pre-crack  plane,  therefore,  was  normal  to  the  L  direction  of  the  plate;  when  the  specimen  was 
stressed,  the  crack  would  be  expected  to  propagate  in  the  T  direction  (LT  crack).; 

Specimens  were  mounted  in  the  test  rig  by  clamping  one  end  to  a  solid  vertical  post,  and  the 
other  end  to  a  cantilever  arm.  The  specimen  was  then  stressed  to  failure  by  adding  water,  at  a  constant 
rate,  to  a  container  hanging  from  the  end  of  the  cantilever  arm  (Figure  2).  The  water  had  been  trans¬ 
mitted  from  the  main  reservoir  through  a  siphon  tube,  the  upper  end  of  which  passes  through  a  float 
within  the  reservoir.  The  water  'hen  exits  through  a  delivery  nozzle  wh;ch  is  always  the  same  vertical 
distance  below  the  surface  of  the  reservoir.  Therefore,  the  driving  hydraulic  pressure  remains 
constant  as  the  reservoir  empties,  keeping  the  rate  of  flow  of  water  into  the  container  constant.  By 
inserting  nozzles  with  different  internal  diameters,  steady  loading  rates  in  the  range  0. 125-  3 60  lb/hr 
are  obtainable.  It  was  found  necessary  to  add  a  germicide  to  the  water,,  to  prevent  a  build- up  of 
organic  growths  from  clogging  the  nozzles  and  reducing  flow  rates. 

For  all  materials,  specimens  were  first  of  all  broken  dry,  the  loading  being  carried  out  at  a 
rapid  rate  which  will  be  specified  later.  Fracture  of  the  rpecimen  and  consequent  descent  of  the  con¬ 
tainer  operated  a  micro-switch  which  then  activated  a  cut-off  valve  in  the  siphon  line  and  also  de¬ 
activated  a  timer..  Pre-crack  depth  was  then  measured  on  the  fracture  face  and,  along  with  the  total 
breaking  load,  was  used  to  calculate  the  nominal  stress  intensity  at  fracture  K*  according  to  the 
equations  shown  in  Figure  3.  K*  is  obtained  using  the  equations  given  by  Brown  (1)  for  evaluating  Kjj 
but  includes  the  correction  for  the  side  notching  /B  as  proposed  by  Freed  and  Krafft  (2). 

In  most  cases,  specimen  dimensions  did  not  provide  plane-strain  conditions  according  to  the 
criteria  proposed  by  the  ASTM  0)  and  hence  the  K*  values  we  obtained  on  dry  specimens  cannot  be 
considered  to  have  the  significance  of  true  stress  intensities.  However,  K*  is  directly  proportional  to 
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the  load  at  fracture,  multiplied  by  an  essentially  geometrical  term,  so  it  appeared  acceptable  to 
use  it  in  a  purely  comparative  way,  to  reveal  large  differences  in  behaviour  caused  by  environmental 
changes. 

After  testing  under  dry  conditions,  K*  was  then  measured  for  specimens  broken  in  contact  with 
3. 5%  NaCl  solution.  This  was  done  in  the  usual  way  by  enclosing  the  specimen,  in  the  notched  area, 
with  a  plastic  bottle  containing  the  solution,  which  was  replenished  at  a  rate  of  about  5  liters/day. 
Specimens  were  tested  under  free-corrosion  conditions,  and  also  cathodic  ally  polarized,  by  means  of  a 
bar  of  cadmium  or  of  zinc  immersed  in  the  specimen  vessel  and  connected  externally  to  the  specimen. 
Despite  the  replenishment  of  the  3.  5%  NaCl  solution,  the  use  of  the  sacrificial  anodes  sometimes 
caused  rises  in  pH,  in  an  erratic  fashion.:  From  occasional  sampling,  in  tests  which  had  lasted  over¬ 
night  or  longer,  pH  was  5,3  to  7.6  for  solution  in  contact  with  freely  corroding  specimens.  When 
specimens  were  coupled  to  zinc,  pH  values  were  usually  in  the  range  6.  3  to  7.  5,  but  a  few  readings  in 
the  range  8.0  to  8.7  were  obtained.  For  specimens  coupled  to  cadmium,  pH  values  were  often  higher 
than  9. 0,  and  lay  in  the  range  6. 1  to  9.6**. 

In  our  initial  rising-load  tests  in  3.  5%  NaCl  solution,  for  the  most  part  on  250  grade  maraging 
steel,  we  had  found  that  the  K*  values  obtained  were  highly  dependent  upon  specimen  loading  rate  (4). 
K*  also  tended  to  be  higher  than  the  threshold  value  KiSCC,  because  it  was  affected  by  such  factors  as 
induction  periods,  slow  crack  propagation  during  loading,  and  crack  branching  or  delamination  along 
the  plate  rolling  plane.  At  rapid  loading  rates,  the  latter  factors  could  even  yield  artificially  elevated 
K*  values  which  were  considerably  higher  than  K*  «?  itermined  under  dry  conditions.  However,  it  was 
found  that  wet  K*  values  became  lower  and  more  consistent  as  the  specimens  were  loaded  more  slowly. 
In  contrast,  the  results  obtained  with  dry  specimens  were  more  or  less  unaffected  by  loading  rate.. 

On  the  basis  of  this  earlier  experience,  standard  test  conditions  were  selected.  The  initial 
load,  deriving  from  the  cantilever  beam,  the  empty  container  and  its  supporting  straps,  etc. ,  was 
generally  in  the  vicinity  of  20  kpsi/in.  For  the  most  crack-susceptible  alloys.,  a  lightweight  container 
giving  an  initial  load  of  about  10  kpsi  /in.  was  used.  The  loading  rate  employed  for  dry  specimens  was 
such  that  the  stress  intensity  increased  by  2-4  kpsi  /in.  /min.  For  tests  in  3. 5%  NaCl  solution,  a  much 
lower  rate  of  increase  in  stress  intensity  was  used  —  0.  005  to  0. 010  kpsi  / in.  /min.  Therefore,  for 
example,  a  dry  test  might  be  over  in  20  min,  while  a  test  in  3. 5%  solution  might  last  as  long  as  200  hr. 

RESULTS  AND  DISCUSSION 

Table  3  presents  the  results  obtained,  in  terms  of  K*  values,  for  the  alloys  studied.  Results 
are  given  for  both  parent  and  weld  metals  broken  dry,  freely  corroding,  and  coupled  to  cadmium  or  to 
zinc.  Some  of  the  trends  indicated  by  these  data  are  the  following: 

1.  As  freely  corroding  parent  metal,  the  200  grade  maraging  steel  has  very  little  tendency  to 
propagate  stress -cor ror.ion  cracks,  but  can  be  hydrogen-embrittled  at  the  potential  supplied 
by  zinc.;  As  recommenc..’d  by  International  Nickel  Co,  ,  we  had  used  the  250  grade  wire  for 
welding  this  alloy;  weld  properties,  as  shown  by  our  work,  were  definitely  inferior  to  those 
of  the  parent  metal. 

2.  The  HP9-4-25  steel  tested  appeared  to  be  generally  less  resistant  to  crack  propagation 
than  the  200  grade  maraging  steel.  In  particular,  it  was  highly  susceptible  to  hydrogen- 
embrittlement  cracking.  The  weld  metal  showed  inferior  properties  and  was  exceptional  in 
that  it  showed  crack  propagation  at  an  angle  to  the  jdane  of  the  pre-crack. 

3.  When  freely  corroding,  both  parent  and  weld  metal  of  HY-140  were  quite  resistant  to  crack 
propagation,  and  resistance  was  even  greater  at  the  potential  supplied  by  cadmium. 

However,  there  was  evidence  of  hydrogen  embrittlement  at  the  potential  supplied  by  zinc. 

4.  Inconel  718  parent  metal  was  resistant  to  crack  propagation  under  all  test  conditions.  The 
solution-treated  and  aged  weld  metal  was  also  resistant. 

5.  Titanium  6211  was  resistant  to  crack  propagation  under  all  test  conditions,  as  both  parent 
and  weld  metal.  There  was  a  tendency  for  the  free-corrosion  K*  values  obtained  for  the 
parent  meted  to  be  slightly  higher  than  the  dry  K*  values.  From  examination  under  low- 
power  stereomicroscope,  this  appeared  to  result  from  delamination  in  the  rolling  plane  near 
the  pre -crack  tip,  which  had  a  slight  "crack -blunt mg"  effect. 

6.  With  respect  to  the  three  high-strength  steels,  it  appears  that  their  worst  deficiency  is  a 
susceptibility  to  hydrogen-embrittlement  cracking  at  the  rather  negative  potentials  usually 
used  in  cathodic  protection  systems  in  sea  water.  These  may  be  m  the  vicinity  of  the 
potential  given  by  zinc,  or  even  more  negative.  For  the  200  grade  maraging  and  the 
HP9-4-25  steals,  there  seems  to  u”  a  rather  severe  lowering  of  properties  in  welds. 


**  For  saturated  Zn  (OH)2  solution  the  equilibrium  pH  value  should  be  8.3,  whereas  for  saturated 
Cd  (OH)2  it  should  be  9.3. 
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Other  comment*  could  be  made,  and  other  examples  of  its  application  cited,  but  the  foregoing 
data  are  considered  sufficient  to  show  that  file  rising-lead  cantilever  test  is  a  reasonably  good  screen¬ 
ing  method  for  testing  susceptibility  to  stress-corrosion  crack  propagation,  in  that  useful  preliminary 
information  can  be  gained  regarding  the  probable  effects  of  metallurgical  and  environmental  variables. 
More  extensive  and  quantitative  testing  can  then  be  carried  out  in  the  areas  of  greatest  interest.; 
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TABLE  1 

General  Description  of  Alloys 


Alloy 

Source  and  Shipping 

Slip  Identification 

Additional 

Seat  Treatments 
Given 

Nominal 

YS, 

kpsi 

Parent  Metal 
Hardness, 

Rc 

18%  Ni  (200) 
managing  steel 

Cameron  Iron  Works,  Camvac  200, 
1/2-in.-  vacuum-melt  plate,  solu¬ 
tion  annealed  at  1500*F  for  1  hr.. 

3  hr  at  900*F 

200 

44 

HP9-4-25  steel 

Republic  Steel  Co.  ,  3/4-in. 
vacuum-melt  plate,  quenched  and 
tempered  at  1000*F, 

None 

190 

44.  5 

HY  - 140  steel 

U.S.  Steel  Co. ,  3/4-in.  plate 
from  heat  4P1435,  heat-treated  to 
150,  000  psi  yield  strength. 

None 

140 

34.  5 

Inconel  718 

Huntington  Alloy  Products 

Division  of  International  Nickel  Co.; 
1/2-in.  annealed  plate  from  heat 
HT-43A8EV. 

8  hr  at  1325°F, 
then  cool  to  '' 

1 150°F  and  hold 
at  this  tem¬ 
perature  8  hr. 

166 

40.5 

Titanium  6211 

Reactive  Metals  Inc. ,  1/2-in. 
plate  from  heat  303065. 

None 

110 

33.  1 

KJ3 


TABLE  2 

Analyses  of  the  Alloys,  % 


C  I  Mn  I  Si  I  S  P  Cu  Co  Mo  Ni 


18%  Ni  (200) 
maraging 
steel  (a) 


HP9-4-25  steel  (a)  o,27  0,21  0.02  0.014  0.005 


HY -140  steel  (b)  0.11  0.83  0.24  0.008  0.007  0.07 


Inconel  718  (b)  0  007 


3.86  0.39  0.51  9.48 


0.52  0.50  4.78 


Other 

Elements 


A1  0. 07 
B  0.004 
Ti  0.19 
Zr  0. 004 


Ti  0.00 
.  08 


Titanium  6211  (b)  0.02 


(a)  Analyzed  at  the  Canadian  Department  of  Energy,  Mines  and  Resources 

(b)  Analyzed  by  the  Supplier. 

TABLE  3 

Nominal  Stress  Intensity  K*  at  Fracture 


A1 

0. 

57 

Fe 

19. 

50 

Nb 

5. 

20 

Ta 

0. 

04 

Ti 

1. 

6 

A1 

6. 

0 

Fe 

0. 

18 

N 

0. 

009 

Nb 

2. 

2 

Ta 

0. 

95 

Alloy 

18%  Ni  (200) 
maraginc  steel, 

parent 

weld 

HP9-4-25  steel  parent 
weld 

HY  - 140  steel 

parent 

weld 

Inconel  718 

parent 

weld 

Titanium  6211 

parent 

weld 

Nominal 

YS, 

kpsi 


K*,  kpsi  /  in. 


Freely  Coupled 

Corroding  to  Cd 


119.2,  122.5  100.5  ,  89 


104.2,  109.8 
108  ,  108.8 


79.6  ,  93.3 

79.7,  79,  74.6 


06 

99.4 

52.  5, 

5 

57.4  , 

55.  5 

33.4,, 

3 

28. 

5,, 

22.4 

18. 

3,; 

24.3 

65. 

5, 

69.1 

44. 

1, 

54.2 

95. 

4.; 

91.9 

88. 

6, 

85.8 

84.4,  88.4 

,  73.6 


Figure  2.  Diagram  of  the  cantilever  test  rig. 
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K* 

= 

Stress  Intensity  at  Fracture, 

kpsi  >/7n 

B 

= 

Specimen  Thickness, 

in 

Bn 

= 

Specimen  Thickness  at  Notches, 

in 

D 

= 

Specimen  Depth, 

in 

Dn 

= 

Specimen  Depth  at  Notches, 

in 

L 

= 

Total  Length  of  Cantilever  Arm, 

in 

w 

Total  Weight  Causing  Fracture, 

P 

s 

= 

Stress  at  Notches, 

kpsi 

G 

SB 

Upper  Notch  Depth,  Including  Pre -Crock 

in 

Figure  3.  Equations  used  in  this  work. 
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SUMMRY 


Results  are  present*.  ;5  of  two  studies,  1)  effect  of  grain  flow  orientation  on  stress  corrosion  sus¬ 
ceptibility  of  two  titanium  alloys  and  2)  atress  corrosion  tests  of  titanium  electron  beam  weldments. 
Prphaiis  la  on  test  specimens  used  and  on  some  properties  of  titanium  alloys  which  have  to  be  cone id.  id 
when  conducting  stress  corrosion  teats. 


STRESS  OOUOSIOM  TESTING 
ON  TITANIUM  ALLOTS 


INTRODUCTION 


S.J.Katrham 
C.B.Neu 
S.  Goldberg 


This  paper  will  cover  testing  experience  gained  in  two  studies.  The  first  was  concerned  with  de¬ 
termining  whether  titanium  alloys  In  thick  sections  exhibit  the  anisotropic  stress  corrosion  behavior 
characteristic  of  high  strength  alloys.  The  second  was  to  determine  the  stress  corrosion  behavior  of 
electron  beam  welded  titanium  alloys.  Alloys  studied  were  Ti-6Al-6V-2Sn,  and  T1-6A1-4V. 

EHTdRIMItTAL  FROCEDPRE 

For  the  grain  flow  orientation  study,  titanium  plates  1.75  Inch  thick  (44mm)  of  Tl-6Al-6V~2Sn,  and 
2.5  Inch  thlck(63mm)  of  T1-6AI-4V  were  tested  In  both  the  anneeled,  and  solution  trested  and  aged  (STA) 
conditions.  Mechanical  properties  and  heat  treatments  are  given  In  Table  I. 

Notched  C-rlngs  were  used  for  the  apeclamn  type,  (Figure  l).(l)  The  directionality  terminology 
with  respect  to  the  rolling  direction  is  shown  in  Figure  2.  Twc  sices  of  C -rings  were  used  for  the  Tl- 
6A1-4V,  1.98  inch  (Slam)  and  1.65  Inch  (42mm).  For  the  Tl-6Al-6V-2Sn,  a  1.65  Inch  (42mm)  diameter  ring 
was  used.  The  nuts  snd  bolts  were  T1-10GA  alloy. 

The  procedure  for  testing  the  C-rlngs  was  as  follows: 

(1)  Strain  gages  ware  attached  to  the  center  of  smooth  C-rlngs  of  the  sane  wall  thickness  as  that 
below  the  notch  In  the  notched  specimens.  These  rings  were  tested  In  compression  to  determine  load  ver¬ 
sus  nominal  outer  fiber  tensile  stress  by  a  simple  Hook's  Law  relationship. 

(2)  Notched  specimens  were  also  tested  in  compression  to  determine  breaking  load  in  air.  Load- 
deflection  curves  were  obtained. 

(3)  Notched  rings  were  then  loaded  to  desired  percentages  of  braking  load  (50-85X)  by  bolt 
tightening  to  the  corresponding  deflection  established  by  the  load  deflection  curves  obtained  In  step 
(2)  above.  Specimens  were  loaded  In  the  testing  environment  r'.  NaCl  solution  to  preclude  repair 
of  the  oxide  film  In  the  notch. 

In  the  Investigation  Into  the  stress  corroai<\i  susceptibility  of  electron  beam  welded  annealed 
T1-6A1-4V  alloy,  three  typer.,  of  specimens  were  used.  Double  edge  notched  tensile  specimens  snd  pre¬ 
cracked  cantilever  bend  specimens  were  fabricated  from  a  2  Inch  (55mm)  thick  weldment.  The  weld  crown 
and  drop  through  on  this  plate  were  ma>-'.,ined  flush.  Figure  3  shows  the  manner  In  which  the  specimens 
were  removed  from  the  plate.  The  'late  had  been  stress  relieved  at  650C. 

Four  point  bend  apect'^ens,  0.25  Inch  (6.3mm)  thick  were  removed  from  the  face  and  root  side  of  a 
1  Inch  (25.4mm)  thick  W'ldment  as  shown  In  Figure  4.-  The  weld  crown  and  drop  through  were  left  Intact 
on  this  plate  so  as  -o  provide  stress  raisers.  This  plate  was  not  stress  relieved. 

The  thrse  types  of  specimens  are  shown  In  Figure  5.  For  the  annealed  6Al-6V-2Sn  alloy,  only 
precracke<?  speclmena  were  teated  from  a  0.5  inch  (12.7mm)  plate  which  had  been  atreaa  relieved  at  732C. 

All  the  welds  had  been  Inspected  by  radlogiaphlc,  ultrasonic  and  penetrant  methods  and  no  flaws 
were  reported. 

The  double  edge  notched  tensile  specimens  were  subjected  to  *  sustained  load  of  various  percen¬ 
tages  of  the  notched  breaking  strength  (75-901)  In  stress  rupture  r'chlnes  while  exposed  to  3$T  NaCl 
solut Ion. 

The  pre-cracked  cantilever  beam  specimens  were  fatigue  cracked  in  «ir..  Difficulty  was  encountered 
In  precracking  because  the  face  side  of  the  weld  tends  to  crack  more  rapidly  than  tne  cpposlte  side. 

The  precracked  specimens  were  lenmrsed  In  3%%  NaCl  and  then  deadweight  loaded  In  cantilever  bentiir.g 
using  the  technique  described  by  Brown  (2). 

On  the  four  point  loaded  bend  specimens,  stresses  on  the  outer  fibers  up  to  130  ksl  were  applied. 
The  deflection  required  for  stressing  the  welded  beam  assembly  Is  obtained  by  use  of  the  following 
formula: 


d|  ■  11  "  (3L  •  4fi)  where 

da  ■  change  In  the  distance  between  the  along  the  longitudinal  sxla  of  the  bolts, In. 

f  -  the  required  stress,  psl 
E  ■  modulus  of  elasticity,  psl 
t  -j  thickness  In. 

L  -  length  (center  to  center  of  bolts)  in. 

a  •  distance  from  center  of  bolts  to  nearest  flange  of  "H"  section. 


RESULTS  OF  CRAIN  FLOW  ORIENTATION  STUDY 


Run-out  times  were  arbitrarily  chosen  as  200  hours,  however  any  failure  that  occurred  took  place 
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within  thirty  minutes.  Result a  art  shown  In  Figures  6  and  7.  The  long  transvarsa  direction  in  annaalad 
■aaterlal  of  both  alloya  was  wore  susceptible  than  the  longitudinal  or  abort  transverse  directions.  Fager 
and  Spurr  observed  similar  behavior  with  TI-8AI-W0-IV  using  precracked  specimens.  (3)  The  STA  condition 
of  both  alloys  exhibited  no  clear-cut  directional  differences. 

It  was  found  that  specimens  that  did  not  fall  at  low  loads  ahould  not  be  subsequently  stressed  to 
higher  loads.  Incremental  increases  In  loading  resulted  In  failures  at  values  near  the  failure  stresses 
In  air.  In  other  words,  Incremental  loading  appeared  to  pre-condition  the  specimens  to  endure  higher 
loads. 


Metallngraphic  examination  of  the  annealed  condition  of  both  Ti-6Al-6V-2Sn  and  T1-6A1-4V  revealed 
that  the  structure  of  the  longitudinal  and  short  transverse  directions  were  similar;  the  long  transverse 
differed  from  the  other  two  directions.  Mlcrostructursl  differences  however  did  not  appear  to  account 
for  K*  Increased  susceptibility  of  the  long  transverse  direction. 

aESPLTS  or  ELECTRON  BEAM  WELDHOfTS  STUDY 


Ho  failures  occurred  with  the  notched  tensile  specimens  in  200  hours.  Likewise  none  of  the  four 
point  loaded  bend  specimens  failed  In  200  or  more  hours. 

Results  with  the  precracked  specimens  are  presented  in  Figure  8.  The  T1-6A1-4V  weldment  had  a 
*Iacc  v<lu*  of  29.4  ksi  { In.  as  opposed  to  a  Kj  value  in  elr  of  38.0  kal  J in.  The  Ti-6Al-6V-2Sn 
weldment  had  a  *Iscc  value  of  22  kal  \fln.  as  compared  with  »  Kr  value  in  air  of  36.9  kal  'Jin. 

As  with  the  notched  C-rlngs,  incremental  loading  of  the  precracked  specimens  after  a  run-out  of 
200  hours,  resulted  In  failures  at  stress  Intensities  close  to  that  in  air. 

DISCUSSION  OF  THK  TESTING  METHODS 


Stress  corrosion  tests  are  conducted  for  a  variety  of  reasons,  the  reason  frequently  determining 
the  type  of  test.  The  type  of  specimen  to  be  used  is  also  frequently  determined  by  the  form  and  size 
in  which  the  metal  is  available. 

For  the  grain  flow  orientation  study  It  was  necessary  to  obtain  information  for  titanium  that 
could  be  related  to  that  already  obtained  for  steels  and  aluminum  alloya. 

There  la  a  general  specification  for  design  sod  construction  of  aircraft  weapon  systems.  This 
document  specifies  that  for  high  strength  alloya  used  In  naval  aircraft,  maximum  allowable  sustained 
tensile  stresaaa  are  301  of  the  yield  strength  in  the  longitudinal  direction,  332  in  the  long  trans¬ 
verse  direction  and  231  In  the  short  transverse  direction.  Such  limitations  for  titanium  alloys  were 
questioned.  The  specification  limitations  were  based  on  stress  corrosion  tests  on  smooth  specimens  of 
high  strength  steel  and  aluminum  alloys  but  titanium  would  not  crack  without  a  flaw  of  some  kind. 

This  dictated  the  use  of  either  pre -cracked  or  notched  specimens.  Notched  C-rlngs  were  chosen  for  the 
study  because  the  limitations  of  plate  thickness  necessitated  a  compact  specimen  for  short  transverse 
tests  and  because  It  la  possible  to  obtain  the  nominal  stresses  at  the  root  of  the  notch  by  using  smooth 
C-rlngs  with  the  same  thickness  as  that  below  the  notch.  It  developed  that  at  the  breaking  loads  in 
air,  the  nomlnsl  bending  stresses  at  the  base  of  the  notch  were  considerably  above  the  ultimata  tensile 
strength  of  the  material.  The  maximum  percentages  of  the  breaking  loads  in  NaCl,  which  ranged  from 
53-801,  all  represented  values  above  tha  yield  strength  of  the  material.  It  was  therefore  decided  that 
a  maximum  allowable  of  601  of  the  yield  strength  would  be  a  conservative  figure  for  all  directions  in 
T1-6A1-4V  and  Ti-6Al-6V-2Sn  plate. 

The  study  of  the  electron  beam  weldments  was  instigated  by  the  need  to  determine  the  quality  of 
the  alactron  beam  weldments  being  furnished  by  a  contractor.  A  pracrackad  specimen  was  the  primary 
specimen  selected  for  this  study  so  that  results  could  be  compared  with  existing  data  on  weldamnts. 

Tha  double  edge  notched  tensile  specimen  had  a  notch  radius  of  only  0.01  inch  (0.3mm).  This 
specimen  had  proved  to  be  satisfactory  for  assessing  hydrogen  embrittlement  effects  on  stasis  and 
titanium  alloys.  Lane,  studying  the  effect  of  notches  on  stress  corrosion  cracking  of  titanium,  found 
that  a  .002  inch  (0.05mm)  notch  radius  gave  the  same  results  as  a  fatigue  crack.  The  notched  C-rlng 
used  for  the  grain  orientation  study  had  a  much  sharper  notch,  .003  inch  (0.8mm)  than  the  notched 
tensile,  and  the  C-rlng  proved  to  be  a  satisfactory  specimen  for  the  purpose.  With  a  sharper  notch 
the  flat  tensile  specimen  might  be  more  useful. 

The  four  point  loaded  test*  of  the  electron  beam  welded  specimens  provided  useful  information. 

The  specimen  simulated  an  actual  component  design  where  the  weld  drop  through  would  be  left  Intact  and 
where  the  maximum  design  stress  was  below  the  highest  stress  level  used  in  the  test.  The  results  of 
these  tests  Indicated  that  no  stress  corioslon  problems  should  be  encountered  under  those  conditions  in 
that  particular  application. 

The  fact  that  incremental  loading  preconditioned  titanium  to  endure  higher  stresses  has  been 
recognised  by  others.  One  investigator  Instead  of  step  loading  used  a  constant  loading  rate  of  about 
6  ksl/mln  after  on  initial  stress  of  501  of  the  estimated  fracture  stress  was  obtained.  This  was  said 
to  provide  more  consistent  data  (4).  The  beneficial  effect  of  preloading  on  Kj(CC  was  also  reported  in 
a  Boeing  study  on  4340  steel  (5). 
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Table  I 

Data  for  Tltaniuu  Plates  Feed  in  Directionality  Study 
Mechanical  Properties 


.21  Offset 

Oltlante 

Alloy  Condition 

Direction 

Yield 

Tensile 

Rlonai 

T1-6A1-4V  Annealed 

L 

130 

139 

13 

LT 

130 

139 

16 

ST 

129 

143 

12 

STA 

L 

136 

149 

12 

LT 

137 

150 

13 

ST 

136 

153 

10 

Ti-6Al-6V-2Sn  Annealed 

L 

144 

154 

17 

LT 

144 

154 

17 

ST 

141 

153 

7 

STA 

L 

172 

181 

11 

LT 

170 

179 

11 

ST 

165 

177 

6 

Heat  Treataents 

T1-6A1-4V  Annealed  :  704C  (2  hours),  air  cooled 

STA  843C  (1  hour) ,  water  quench  + 
566C  (4  hours),  air  cooled 


Tl-6Al-6V-2Sn  Annealed 
STA 


732C  (2  hours) ,  air  cooled 

954C  (1  hour),  water  quench  + 
538C  (4  hours),  air  cooled 
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t«Q  HW  ttKMM 


Figure  4  Specimen  layout  froa  one  Inch  electron  beaa  weldment 


Figure  5  Three  type*  of  epeclaene  uaed  for  electron  beam  weld 


H-6AI-4V 

NOTCHED  C-RING  RESULTS  IN  3’/, 7.  NtCI 


Figure  6  Result*  of  directionality  study  In  T1-6A1-4V 


JM 


Figure  7  Result*  of  directionality  study  In  Tl-6Al-4V-2Sn 


Figure  8  Results  for  precracked  epee Inane  from  electron  bean  weldnentr 
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FACTORS  INFLUENCING  THRESHOU)  STRESS  INTENSITY  VALUES  AMD  CRACK  PROPAGATION 
RATES  DURING  STRESS  CORROSION  CRACKING  TESTS  OF  HIGH  STRENGTH  STEELS 
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A  nuaber  of  factors  have  been  identified  which  influence  both  observed  threshold  stress 
intensity  values  and  crack  propagation  rates  for  the  stress  corrosion  of  high  strength  steels  in 
aqueous  environments.  More  specifically:  KISCC  values  for  a  nuaber  of  steels  have  been  show  to 
be  related  to  the  formation  of  a  continuous  stretch  zone  at  the  fatigue  crack  tip;  both  Kx«cc  *n<* 
Kjc  values  are  influenced  by  the  yield  strength  and  inclusion  density  of  the  steel;  the  relative 
values  of  KxSCC  determined  by  arrest  and  initiation  methods  and  stress  corrosion  crack  growth 
rates  are  influenced  by  the  effectiveness  of  stress  corrosion  cracks  as  stress  concentrators  since 
intergranular  cracks  become  progressively  blunter  as  they  propagate  while  the  reverse  can  be  true 
of  tran agranular  cracks;  observed  stress  corrosion  crack  propagation  rates  are  also  influenced 
by  the  failure  to  attain  equilibrium  in  specimens  of  conventional  length  and  by  the  presence  of 
crack  curvature  and  crack  branching  where  these  occur. 


nmn as  mruHicmo  thrbshoid  stress  mthisiti  valpks  amp  crack  pbopaoatioh 

KATES  DPHXWG  STRESS  COKBOSIOW  CRACK  MO  TESTS  OF  jflfljj  STRENGTH  STEELS 


A.  H.  Priest  and  F.  McIntyre 


IHTRODOCTIOH 


Research  on  the  application  of  fracture  aechanics  to  stress  corrosion  cracking  has  been  directed 
towards  a  study  of  the  factors  governing  both  the  threshold  stress  intensity  for  stress  corrosion  cracking, 
Kjscc*  and  stress  corrosion  crack  growth  rates.  Whilst  final  conclusions  concerning  these  factors  have 
not  been  reached,  the  present  report  is  devoted  to  a  brief  suaaary  of  sose  of  the  sore  significant  current 
findings. 

1.  FACTORS  INFLUENCING  Kjgcc 

(a)  Stretch  Zone  Formation 

A  recent  study  of  factors  governing  the  validity  of  C.O.D.  aeasurenents  on  pre-cracked  specimens 
of  mild  steel  (l)  revealed  the  formation  of  a  small  stable  ductile  stretch  zone  situated  at  the  tip  of  the 
fatigue  crack  and  at  45*  to  the  plane  of  the  fatigue  crack  under  stress  corresponding  approximately  to  the 
onset  of  general  yield  in  the  specimen. 

An  extension  of  this  work  to  steels  of  higher  strength  levels  which  are  susceptible  to  stress 
corrosion  cracking  has  revealed  that  similar  stretch  zones  are  formed  at  the  fatigue  crack  tip  at  stress 
intensity  values  closely  approximating  to  Kjscq . 

Figure  1  shows  the  fracture  surface  of  a  10  mm.  square  bend  specimen  of  a  Ni-Cr-Mo-V  steel 
tempered  at  200*C,  for  which  the  KxscC  value  is  22  kaiiy/in.  This  specimen  was  pre-cracked  and  then  pre- 
loaded  to  a  stress  intensity  of  17  ksi^/in.  prior  to  being  broken  in  impact  after  cooling  to  70*K.  The 
transition  from  fatigue  crack  (on  the  left)  to  rapid  fracture  (on  the  right)  is  not  clearly  delineated 
and  no  stretch  zone  is  evident. 

Figure  2  shows  a  similar  specimen  which  was  pre-loaded  to  a  stress  intensity  of  27  ksi«yin. 

(i.e.  just  above  Kjscc^*  In  this  case  a  continuous  stretch  zone,  consisting  of  a  row  of  ductile  voids, 
and  .not  exceeding  2  urn  in  width,  is  just  perceptible  at  the  fatigue  crack  tip. 

In  a  similar  manner,  continuous  stretch  zones  were  observed  to  fora  on  pre-loading  to  stress 
intensities  closely  approximating  to  Kjscc  in  specimens  tempered  at  500°C  and  600°C.  These  stretch  zones 
are  shown  in  Figures  3  and  4  respectively.  Once  again  no  continuous  stretch  zones  were  observed  in 
specimens  pre-loaded  to  below 

From  these  observations  it  appears  that  the  formation  of  a  stretch  zone  is  a  necessary  initial 
step  in  the  stress  corrosion  process  and  that  the  stress  intensity  required  to  form  this  zone  governs 
KlSCC*  Such  a  zone  formed  at  the  oxidised  tip  of  a  fatigue  crack  would  provide  a  clean  surface  to  act  as 
a  catalyst  for  the  dissociation  of  the  aqueous  stress  corrosion  solution  into  hydrogen  and  oxygen,  in  much 
the  same  way  as  slip  steps  in  the  case  cf  smooth  tensile  specimens.  Some  of  the  hydrogen  thus  evolved 
could  be  atomically  adsorbed  on  to  the  metal  surface  and  diffuse  into  the  plastic  zone  where  it  may  be 
instrumental  in  promoting  sub-critical  flaw  gnwth  by  hindering  plastic  deformation  and  facilitating  micro¬ 
void  nucleation  in  the  region  of  maximum  triaxiaj.  stress. 

The  stretch  zones  form  at  approximately  45*  to  the  fatigue  crack,  which  corresponds  to  the  elastic 
plastic  interface  surrounding  the  plastic  zone  at  the  crack  tip. 

The  stress  intensity  at  which  the  zone  forms  is  observed  to  be  inversely  proportional  to  the  yield 
strength  of  the  material,  since  an  increase  in  tempering  temperature  causes  a  reduction  in  yield  stress  but 
increase  in  the  stress  intensity  required  to  form  the  zone.  In  the  limiting  case  of  mild  steel  such  zones 
have  not  been  observed  at  stress  intensities  below  that  required  to  promote  general  yield.  It  is  evident 
that  as  the  ability  to  absorb  interfacial  stresses  in  the  elastic-plastic  region  diminishes  with  increase 
in  yield  strength  due  to  the  hindrance  of  dislocation  movement,  the  propensity  towards  micro-void  nucleation 
rather  than  ductile  deformation  is  increased.  This  behaviour  reflects  the  influence  of  yield  strength  on 
stress  corrosion  cracking  susceptibility;  those  materials  with  higher  yield  stresses  being  most  susceptible. 

(b)  Influence  of  Inclusions 


Recent  work  at  Bisra  has  shown  the  fracture  toughness  of  high  strength  steels 
function  of  the  empirical  expression: 


q*  -  oy 


(KIC)  to  be  a 


as  illustrated  in  Figure  5,  where:  q*  is  some  critical  fracture  street; 

qy  is  the  yield  stress: 

N  is  the  number  of  inclusions  per  unit  aics  in  the  plane  normal  to 
the  fracture  plane. 


Because  there  are,  in  general,  close  parallels,  between  Kj„  values  and  KISCC  values  a  similar 
relationship  exists  between  Kjscc.  yield  strength  and  inclusion  density  and  this  further  illuminates  the 
mechanism  of  stretch  zone  formation. 
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(c)  Measurement  Technique 

The  values  of  K-cgg  can  be  determined  either  by  initiation  from  a  fatigue  crack  under  constant 
load  or  by  arrest  froa  a  stress  corrosion  crack  under  constant  displacement.  The  relative  values  obtained 
by  these  techniques  have  been  found  to  be  sensitive  to  the  stress  corrosion  crack  path,  i.e.  whether  the 
path  is  intergranular  or  transgranular. 

Figure  6  illustrates  for  an  ENJOB  steel  Ni-Cr-Mo),  notched  transversely  to  the  rolling 
direction,  the  relationship  between  the  crack  blunting  coefficient,  v 

''iC1 


and  the  stress  intensity  during  stress  corrosion,  where  is  the  fracture  toughness  of  the  material 
measured  conventionally  from  a  fatigue  crack  and  is  tne  fracture  toughness  measured  from  a  stress 
corrosion  crack. 

The  values  of  Kjj,1  were  obtained  by  unloading  specimens  after  various  amounts  of  crack  growth 
in  stress  corrosion  under  constant  load,  drying  out  the  crack  tip  and  then  conducting  a  conventional  frac¬ 
ture  toughness  determination. 

The  stress  corrosion  crack  path  in  this  material  is  intergranular  and  the  results  show  that  as  the 
stress  corrosion  crack  propagates  it  becomes  progressively  less  sharp  due  to  the  formation  of  an  "inter¬ 
locking  zone"  of  incompletely  separated  grains  resulting  from  multiple  mall  scale  branching  around  indi¬ 
vidual  grains.  The  corrosion  crack  becomes  progressively  more  blunt  until  the  stress  intensity  reaches 
50  ksi^^/In. .  above  vaich  no  further  effect  is  observed.  It  therefore  follows  that  the  stress  corrosion 
crack  in  this  mater  .al  is  a  less  effective  stress  concentrator  tnan  a  fatigue  crack  and  therefore  the 
Kjscc  value  measured  in  such  a  material  by  an  arrest  technique  would  be  expected  to  be  greater  than  that 
measured  by  initiation  from  a  fatigue  crack.  This  has  been  borne  out  by  the  results  of  the  Collaborative 
Test  Programme  of  the  Bisra  Stress  Corrosion  Cracking  (Fracture  Hechanics)  Working  Group. 

Figure  7  illustrates  the  opposite  behaviour  observed  with  another  high  strength  steel  (REX539, 
eSi  Ni-Cr-Mo),  notched  longitudinally,  in  which  the  stress  corrosion  crack  path  is  transgranular.  In  this 
case  it  is  unnecessary  for  the  plane  of  cracking  to  change  at  the  onset  of  rapid  fracture  and  so  the  stress 
corrosion  crack  is  a  more  effective  stress  concentrator  than  the  fatigue  crack.  Because  of  this  it  may  be 
expected  that  the  Kjscc  "‘■'lne  measured  from  the  arrest  of  a  stress  corrosion  crack  need  be  no  greater  than 
that  measured  by  initiation  from  a  fatigue  crack.  This  point  is  under  investigation  at  present. 

(d)  Accuracy  of  Stress  Intensity  Measurement 

Another  important  factor  which  can  influence  the  accuracy  of  KxscC  measurement  is  the  depend¬ 
ability  of  the  compliance  calibration  used  in  the  calculation  of  stress  intensities.  This  was  emphasised 
recently  in  a  project  to  evaluate  a  J  in.  thick  contoured  double  cantilever  beam  specimen  possessing  a 
W-value  of  less  than  2  in.  A  compliance  calibration  following  the  method  devised  by  Gallagher  (?)  indicated 
a  region  of  apparently  constant  stress  intensity  between  a/W  values  of  0.25  and  0.62.  However,  fracture 
toughness  determinations  from  specimens  pre-cracked  to  various  a/W  -  vrlues  within  this  range  yieMeo  the 
data  shown  in  Figure  8.  Although  the  compliance  calibration  indicated  a  large  region  of  constant  stress 
intensity,  it  is  clear  that  the  actual  stress  intensity  in  this  region  was  increasing  as  the  crack  propa¬ 
gated  under  constant  load.  An  analysis  of  the  results  in  terms  of  the  stress  per  unit  area  on  th.  remaining 
ligament  at  failure  revealed  that  failure  always  occurred  when  a  particular  stress  level  was  attained,  that 
is  to  say  that  the  close  proximity  of  the  crack  tip  to  the  back  face  of  the  specimen  was  responsible  for 
the  observed  deviation. 

Experiments  with  modified  specimens  to  which  parallel-sided  extensions  have  been  added  to  the 
back  face  are  being  conducted  at  present  and  initial  results  show  that  the  problem  has  been  overcome  by 
increasing  the  stress-bearing  ability  of  the  remaining  ligament.  This  phenomenon  has  not  been  apparent  in 
the  larger  contoured  specimens  previously  utilised  because  of  the  greater  distance  of  the  crack  tip  withii 
the  constant  stress  intensity  region  from  the  back  face  of  the  specimen. 

2.  STRESS  C0RR0SI0H 


Factors  Influencing  Growth  Rates 

(a)  Failure  to  Attain  Equilibrium 

A  comparison  of  subcritical  flaw  growth  in  high  strength  steels  when  tested  under  constant  load 
n  both  aqueous  and  gaseous  environments  has  yielded  remarkable  similarities  between  stress  corrosion  and 
hydrogen  cracking.  The  KISCC  values  and  fracture  surface  appearance  are  indistinguishable  for  steels 
tested  in  either  purified  hydrogen  gaj  or  sod  um  chloride  in  deionised  water  but  the  growth  rates 
differ  markedly,  as  shown  in  Figure  9.  Crack  growth  rates  were  monitored  by  an  electrical  resistance 
technique1 .  In  the  case  of  cracks  grown  in  gaseous  hydrogen  en  equilibrium  growth  rate,  which  is  indepen¬ 
dent  of  stress  intensity  and  therefore  chemically  controlled,  is  rapidly  attained,  whereas  the  cracks  grown 
under  stress  corrosion  conditions  propagate  at  a  much  slower  rote  which  increases  progressively  during  a 
test  but  never  attains  equilibrium.  Although  hydrogen  cracking  and  stress  corrosion  cracking  are  basically 
similar,  the  rate  controlling  process  in  stress  corrosion  is  obviously  much  slower  so  that  test  piece 
failure  occurs  prior  to  the  attainment  of  an  equilibrium  growth  rate.  It  i6  proposed  to  adopt  the  use  of 
much  longer  test  pieces  in  an  attempt  to  obtain  quantitative  rather  than  qualitative  stress  corrosion  data. 

(b)  Crack  Branching 

Crack  branching  during  stress  corrosion  is  responsible  for  much  slower  crack  growth  rates  than 
would  otherwise  be  the  case.  This  is  e. ident  from  Figure  10  which  shows  Brown-type  curves  for  EN30B  steel 
austenitised  at  both  8}0oC  and  1000 “C  prior  to  oil  quenching  and  tempering  at  200°C.  The  material 
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austenitised  at  1000SC  exhibited  narked  crack  branching  at  all  stress  intensities  above  16  ksi^/In.  and  this 
was  responsible  for  such  slower  crack  growth  rates  than  those  observed  in  material  austenitised  at  830°C 
which  showed  no  such  tendency.  At  initial  stress  intensities  above  40  ksi/y/in,  the  branching  tendency  be- 
caae  so  great  that  arm  break-off  occurred  with  the  J  in.  C KS  specimens  which  were  used.  Cottarell  (4)  has 
shown  that  crack  path  stability  during  fracture  toughness  testing  of  such  specimens  is  a  function  of  the 
amount  of  deviation  of  the  crack  tip  from  the  ideal  plane.  As  the  deviation  increases,  the  ratio  of  bending 
stress  to  ligament  stress  increases  and  so  the  tendency  to  branch  increases. 

In  EN30B  steel  the  crack  path  follows  the  prior  austenite  grain  boundaries.  As  the  prior  austenite 
grain  size  increases,  larger  deviations  of  the  crack  tip  from  the  ideal  plane  can  occur  before  the  next 
grain  boundary  offering  a  path  back  towards  the  ideal  plane  is  encountered.  Thus,  in  material  austenitised 
at  1000I>C  it  is  possible  for  sufficiently  large  deviations  of  the  crack  path  to  occur  along  grain  boundaries  so 
that  the  bending  moment  is  large  enough  to  cause  crack  path  instability  in  the  form  of  branching.  It  is  to 
be  expected  that  the  use  of  test  pieces  in  which  the  bending  moment  due  to  deviations  of  the  crack  from  the 
ideal  plane  is  less  would  attenuate  branching  even  in  material  possessing  a  large  prior  austenite  grain  size. 
Tests  are  therefore  being  conducted  on  centre-cracked  plate  specimens  to  confirm  this  point. 

(c)  Crack  Curvature 


Simultaneous  monitoring  of  6tress  corrosion  craek  growth  by  an  ultrasonic  probe  situated  at 
specimen  mid-thickness  and  the  electrical  resistance  technique,  w*.  * ch  monitors  mean  crack  length,  has 
illuminated  the  phenomenon  of  crack  curvature  during  stress  corrosion.  Figure  11  shows  the  difference 
between  mean  crack  length  and  crack  length  at  mid-thickness  during  the  stress  corrosion  of  BJ30B  steel.  It 
is  clear  that  crack  growth  commences  in  the  predominantly  plane  strain  region  at  mid- thickness,  giving  rise 
to  marked  crack  curvature.  As  the  crack  extends  to  the  eiges  of  the  specimens  the  influence  of  the  plane 
stress  component  retards  continued  rapid  crack  growth  in  the  centre  and  both  centre  and  edges  continue  to 
grow  together  at  a  somewhat  diminished  rate  of  acceleration.  Towards  the  onset  of  rapid  fracture  the  crack 
length  at  the  edges  of  the  specimen  to  some  extent  catches  up  with  that  at  the  centre,  giving  rise  to  the 
diminished  crack  curvature  observed  on  the  fracture  surface.  It  is  quite  clear  that  crack  growth  rat  is 
monitored  di  ring  stress  corrosion  are  dependent  to  a  large  extent  npon  the  monitoring  technique  adopt  id. 

(d)  Crack  Blunting 

The  effectiveness  of  a  stress  corrosion  cra<-‘.  as  a  stress  concentrator  (which  u.scussed 
earlier  in  connection  with  arrest  versus  initiation  Kjscc  valv:-s)  also  influences  crack  grcvth  rates  under 
non-equilibrium  conditions.  Reference  back  to  Figure  6  shows  that  for  EN30B  steel  the  intergranular  crack 
path  produces  blunting  which  becomes  progressively  more  severe  up  to  a  stress  intensity  of  50  ksiA/in. 

Figure  12  shows  the  growth  rate  behaviour  of  this  material  as  a  function  of  stress  intensity.  An  initially 
high  rate  of  crack  acceleration  at  stress  intensities  below  50  ksi^/Tn.  rapidly  diminishes  as  the  crack 
blunting  increases,  bounteracting  the  influence  of  increasing  stress  intensity.  At  stress  intensities  of 
50  ksivln.  and  above  the  lack  of  any  further  increase  in  crack  bluntness  enables  an  increase  in  the  rate 
of  crack  acceleration  to  occur. 

In  comparison  with  this  behaviour,  Figure  7  revealed  that  for  KEX539  stei'  the  transgranular  crack 
path  is  a  much  more  effective  stress  concentrator.  Thv  relationship  between  crack  growth  rate  and  stress 
intensity  during  stress  corrosion  shown  in  Figure  13  veflects  this  fact,  a  stead'*  increase  in  crack  growth 
rate  being  maintained  throughout  the  propagation  process,  together  with  higher  absolute  values  of  growth 
rate. 

CONCLUSIONS 


Many  factors  muet  be  taken  into  consideration  during  the  determination  and  interpretation  of  both 
threshold  Kjgcc  values  and  stress  corrosion  crack  growth  rates.  The  present  work  has  indicated  the  important 
role  played  by  stretch  zoae  formation,  inclusions,  method  and  accuracy  of  measurement  of  stress  intensity 
on  Kjscc  values.  It  has  also  identified  the  influence  of  crack  branching,  curvature  and  blunting  as  well 
as  the  non-attainment  of  chemical  equilibrium  on  the  observed  crack  growth  rates  in  stress  corrosion  of 
high  strength  steels. 
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FRACTURE  SURFACE  OF  NCMV  STEEL  TEMPERED  AT  200°C 
AND  PRE-LOADED  TO  17  ksiVTn  (  KISCC=22  ksi/Tn  ) 


45°  Tilt 


FIG. 2. 


I -  lOOyum - 1 

FRACTURE  SURFACE  OF  NCMV  STEEL  TEMPERED  AT  200°C 
'  AND  PRE-LOADED  TO  27  ksiVTn  (  K,scc  =  22  ksi/fiT) 
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Apparmt  Stmt  Intmity  During  Stress  Corrosion  ,  kw/iiT 

FIG  7  CRACK  (HUNTING  AS  A  FUNCTION  OF  STRESS  INTENSITY  OURING  THE  STRESS  CORROSION  OF  REX  539  STEEL 


rIG  »  THE  v  -  DEPENDENCE  OF  Kic  IN  THE  REGION  OF  APPARENTLY  CONSTANT  STRESS  INTENSITY  OF  THE 
COHiOUREO  V  OCR  SPECIMEN 


FIG  9  CRACK  GROWTH  RATE  OF  En30»  STEEL  AS  A  FUNCTION  OF  STRESS  INTENSITY  AND  ENVIRONMENT 
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FIG  13  GROWTH  RATE  AS  A  FUNCTION  OF  STRESS  INTENSITY  FOR  THE  STRESS  CORROSION  OF  REX  539  STEEL 
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Smeary 


A  laboratory  test  unit  designed  for  Kx8cc  80(1  stress-corrosion 
crack  growth  rate  testing  with  large  (2-4  inch  thick)  precracked  WOL  specimens 
is  described.  The  apparatus  involves  the  use  of  a  unique  hydraulic  loading 
arrangement  which  provides  a  convenient  means  of  generating  the  relatively 
high  loads  required  for  stress-corrosion  testing  with  large  WOL  specimens. 
Additional  features  of  the  test  unit  include  the  ability  to  continuously 
monitor  crack  growth  during  the  test  and  also  the  ability  to  test  in  an 
enclosed  environment  at  various  temperatures  and  pressures. 


Ce  document  prdsente  un  appareil  de  laboratolre  qui  meaure  le 
coefficient  KIacc  ddfinl  ci-desaous  et  le  taux  de  croissance  de 
fissurations.  La  disposition  d 'une  charge  hydraullque  unique  permit 
de  produire,  de  fajon  commode,  des  forces  relativement  import ante 
ndcessaires  aux  tests  mesurant  lea  forces  de  corrosion  avec  le- 
specimens  WOL.  L'apparell  permet  de  controler,  de  facon  c--" 

1 'evolution  ies  fissures  durant  l'essal.  En  outre,  11  per.  t  de  ptatiquer 
l'essai  dans  un  environment  cloa,  A  dlffdrentes  temperatures  et 
dlffdrentes  pressions. 
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AM  APPARATUS  E~R  STRESS-CORkOSIO*  TESTING  KITH  LARGE  PEECBACXED  WOL  SPECIMENS 
L.  J.  Ceschini  and  W.  G.  Clark,  Jr. 


1.  INTRODUCTION 

Since  the  development  of  the  fracture  mechanics  approach  to  atreaa-corroalon  testing  and  the 
subsequent  Identification  of  a  stress-corrosion  threshold  parameter,  ljgcc  (the  value  of  plane-strain 
stress-intensity  factor  below  which  an  existing  c.ack  will  not  grow  due  to  stress-corrosion),  several 
unique  testing  procedures  have  been  proposed  which  can  be  used  to  evaluate  the  stress-corrosion  sus¬ 
ceptibility  of  structural  alloys. (l-o)  The  first  widely  used  stress-corrosion  cracking  test  involving 
precracked  spednens  and  fracture  mechanics  concepts  was  the  cantilever  bean  test  developed  by  Brown.  I*) 

In  this  test,  a  series  of  precracked  cantilever  bean  specimens  is  stressed  at  constant  load  in  the  envi¬ 
ronment  of  Interest  and  the  tine  to  failure  recorded  as  a  function  of  the  Initial  applied  stress  Intensity 
factor,  where  Kji  is  a  fvnction  of  the  applied  stress  and  crack  size.  The  Initiation  of  cracking 
and  subsequent  crack  growth  are  aonltored  by  Measuring  the  bean  deflection  as  a  function  of  tine  and 
subsequently  relating  the  deflection  to  th«_  crack  length  from  the  compliance  of  the  specimen.  A  schematic 
illustration  of  the  cantilever  beam  corrosion  test  is  shown  In  Fig.  1.  The  primary  disadvantages  of  this 
stress-corrosion  testing  technique  are  that  a  separate  test  facility  Is  required  for  each  teat  and  several 
specimens  are  required  to  establish  the  KIsc-  value  (a  series  of  tests  at  decreasing  values  of  Kji  is 
conducted  until  a  Kri  level  Is  reached  at  which  no  cracking  Is  observed.) 

A  more  efficient  technique  for  Kiscc  testing  involves  the  bolt-loaded  WOL  (wedge-opening-loading) 
specimen  described  by  Novak  and  Rolfe(^)  and  shown  in  Fig.  2.  In  this  test  procedure,  a  WOL  specimen 
Is  self-stressed  by  means  of  a  bolt  and  no  additional  loading  equipment  is  required.  Because  the  test  is 
conducted  under  constant  displacement  rather  than  constant  load,  as  in  the  cantilever  beam  test,  the  load 
on  the  specimen  and,  consequently,  the  nominal  stress  intensity  factor  decrease  as  the  crack  grows, 
leading  to  crack  arrest  as  approaches  Kjgc<;.  As  a  result,  only  a  single  test  is  required  to  establish 
the  KIacc  value,  although  several  duplicate  tests  are  normally  conducted  in  order  to  substantiate  the 
results. 

Although  the  bolt- loaded  WOL  Ki8CC  test  has  the  distinct  advantage  of  being  a  self-contained 
test  which  requires  a  minimum  of  test  specimens,  this  procedure  does  have  two  major  disadvantages: 

(1)  a  technique  is  not  readily  available  for  monitoring  crack  growth  behavior  dur'ng  the  test,  as  a  result 
the  test  is  primarily  limited  to  Kj  c  testing  and;  (2)  the  bolt-loading  procedure  is  not  easily  adaptable 
to  the  testing  of  large  specimens  iWOL  specimens  larger  than  about  2  inches  thick).  More  specifically, 
very  high  torque  is  required  to  produce  the  loads  necessary  for  heavy  section  tests  (several  thousand 
foot  pounds  are  required  to  bolt-load  3  and  A  inch  thick  steel  WOL  specimens  to  Kji  levels  on  the  order 
of  100  ksi  /Ln.) 

This  report  describes  a  modification  to  the  bolt-loaded  WOL  stress-corrosion  test  procedure 
which  readily  permits  the  testing  of  large  WOL  specimens  and  also  permits  the  continuous  monitoring  of 
crack  growth  behavior. 

2.  CRACK  GROWTH  MONITORING 

An  obvious  approach  to  the  instrumentation  of  the  Dolt-loaded  WOL  specimen  to  permit  the 
monitoring  of  crack  growth  during  a  stress-corrosion  test  is  to  strain  gage  and  calibrate  the  bolt  to 
read  load  directly.  From  knowledge  of  the  applied  load  and  the  displacement  across  the  machined  slot 
(measured  with  a  clip  gage  and  held  constant  during  the  test)  it  is  then  possible  to  determine  the  crack 
length  from  the  compliance  calibration  of  the  specimen:^) 

EB  <|)  -  C  (£-) 

where : 

E  •  modulus  of  elasticity 

B  ■  specimen  thickness 

P  «  applied  load 

V  ■  displacement  across  the  machined  slot 

C  -  compliance  constant  dependent  upon  the  relative  crack  length,  a/w 

a  »  the  crack  length  measured  from  the  center  line  of  loading 

w  -  specimen  length,  measured  from  the  center  line  of  loading 

For  the  case  of  a  given  arterial  and  specimen  size,  loaded  to  a  gl  displacement,  it  is  then  possible 
to  use  the  above  equation  to  construct  a  curve  of  applied  load  vers  '.rack  length,  which  in  turn,  can 
be  used  to  generate  crack  growth  rate  data.  However,  because  of  the  nature  of  loading,  the  compliance 
calibration  of  the  loading  bolt  is  strongly  affected  by  the  friction  associated  with  the  threads  and  also 
the  friction  developed  at  the  area  of  contact  between  the  bolt  and  the  split  pin,  (Fig.  2).  Kim  has 
shown  that  it  is  possible  to  encounter  as  much  as  ±20  percent  difference  in  the  compliance  (slope  of  the 
load-dlsplaceme.it  curve)  of  the  bolt  as  measured  in  compression  in  a  test  machine  and  the  came  bolt 
threaded  into  an  actual  specimen. (7)  Because  of  the  potential  error  likely  to  be  encountered  in  an 
instrumented  bolt- loaded  WOL  stress-corrosion  test,  consideration  was  given  to  modifying  the  loading 
arrangement  such  that  accurate  crack  growth  rate  data  could  be  obtained  during  the  test.  Figure  3  shows 
the  modified  loading  arrangement  developed  to  permit  stress-corrosion  crack  growth  rate  testing  with  the 
WOL  specimen. (8)  a  schematic  illustration  of  the  loading  arrangement  is  shown  in  Fig.  4.  The  loading 
bolt  has  been  replaced  with  a  clevis  and  loading  stud.  Because  the  loading  stud  or  load  cell  doeo  not 
rotate  during  the  loading  of  the  specimen  and  because  the  strain  gages  are  located  far  enough  away  "roro 
the  loading  nut,  no  frlctiin  problems  are  encountered,  and  the  load  cell  calibration  is  unaffected  bv 
the  loading  arrangement. 
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3.  TEST  SPECDffiN  SIZE  OCMSIKIXTIoaS 


It  b as  long  been  recognized  that  the  state  of  stress,  brittle  plane  strain  or  ductile  plane 
stress  conditions,  ns y  have  a  significant  effect  upon  the  stress  corrosion  susceptibility  of  structural 
alloys.  (3,5,9)  More  specifically,  a  United  asount  of  data  Is  available  which  shows  that  the  stress- 
corrosion  threshold  level  Is  strongly  affected  by  the  state  of  stress  (stress-corrosion  cracks  were 
found  to  grow  under  plane  strain  conditions,  whereas  they  did  not  grow  under  non-plane  strain 
conditions.)'^’®)  In  view  of  these  observations  and  the  absence  of  nore  definitive  data.  It  la  necessary 
to  ass uk  that  stress-corrosion  cracking  is  a  nore  severe  problem  under  plane  strain  conditions.  Therefore, 
It  Is  obvious  that  stress- corrosion  data  generated  under  plane  strain  conditions  are  required  for  use  In 
the  design  of  structures  which  operate  or  are  assuned  to  operate  under  plane  strain  conditions.  Con¬ 
sequently,  depending  upon  the  material  and  structure  under  consideration,  adequate  stress-corrosion 
testing  say  require  relatively  la.ge  test  specimen*.  As  pointed  out  earlier,  bolt  loaded.  Intermediate 
strength  steel  MOL  specimens  in  excen  of  about  2  inches  thick  require  torque  levels  which  cannot  be 
conveniently  developed  manually.  Since  many  structures  of  concern  to  Westinghouse  involve  high- toughness 
materials  used  In  very  heavy  sections,  a  procedure  for  stress-corrosion  testing  with  large  toughness 
specimens  is  required  to  evaluate  the  stress-corrosion  susceptibility  of  these  materials.  As  a  result, 
consideration  was  given  to  the  development  of  a  stress-corrosion  testing  procedure  which  could  be  use  1  to 
test  relatively  large  (3  and  4  Inch  thick)  MOL  specimens.  Additional  requi rerent a  taken  Into  consideration 
were  the  development  of  a  loading  arrangement  which  would  permit  the  load  to  be  changed  easily  during  the 
test  and  a  procedure  which  could  be  used  for  testing  in  gaseous  environments  at  various  temperatures  and 
pressures. 


Figure  5  presents  a  schematic  illustration  of  the  loading  arrangement  developed  to  satisfy  the 
testing  requirements  described  above. 

This  loading  arrangement  Is  essentially  a  modification  of  the  clevis-loaded  test  fixture  shown 
In  Fig.  4.  The  significant  features  of  the  modified  loading  arrangement  Include:  (1)  the  use  of  a 
"pancake"  hydraulic  cylinder  to  develop  the  high  loads  required  for  the  stress-corrosion  testing  of  large 
MOL  specimens;  (2)  the  use  of  a  hydraulic  cylinder  also  permits  the  load  to  be  changed  at  any  time  durius 
the  test;  (3)  the  use  of  a  strain  gaged  loading  stud  which  permits  constant  monitoring  of  the  applied  lead 
and  consequently  crack  length  as  discussed  earlier;  (4)  the  use  of  a  L.V.D.T.  (linear  variable  differential 
transformer)  to  permit  the  continuous  monitoring  of  crack  opening  displacement  during  the  test;  and 
(3)  the  use  of  a  gas  tight  chamber  which  permits  stress-corrosion  testing  in  gaseous  environments  at 
various  temperatures  and  pressures.  An  additional  feature  which  can  be  extremely  valuable  Is  the  ability 
to  subject  the  specimen  to  cyclic  loading  at  any  time  during  the  test.  This  is  done  simply  by  replacing 
the  hydraulic  pump  with  a  servo-hydraulic  system.  Figure  6  shows  the  stress-corrosion  test  unit  and 
associated  lnstnnentatlon  used  to  monitor  the  test. 

4.  DISCUSSION  AND  SUMARY 

The  bolt-loaded  WOL  specimen  Is  the  most  efficient  and  least  expensive  test  currently  available 
for  the  Kjscc  testing  of  relatively  small  specimens.  However,  when  It  is  necessary  to  generate  stress- 
corrosion  crack  growth  rate  data,  as  well  as  Kiacc  threshold  data,  we  recommend  the  use  of  the  clevis 
loaded  fixture  shown  In  Fig.  4.  The  small  Increase  in  initial  cost  of  the  clevis  loaded  fixture  Is  well 
worth  the  ability  to  generate  accurate  crack  growth  rate  data. 

With  regard  to  the  stress-corrosion  testing  of  large  WOL  specimens,  a  bolt-loading  arrangement 
Is  not  satisfactory  due  to  the  excessive  torque  required  to  load  the  specimen  and  alternate  means  of 
loading  the  specimen  are  required.  The  apparatus  described  in  this  paper  provides  a  convenient  means 
of  loading  large  WOL  specimens  as  well  as  additional  features  which  permit  the  continuous  monitoring  of 
crack  growth  during  the  test  and  the  ability  to  test  in  an  enclosed  environment  at  various  temperatures 
and  pressures.  Several  of  these  stress-corrosion  test  units  have  been  built  and  they  are  currently  In 
operation  in  both  liquid  and  gaseous  environments  at  various  temperatures  and  pressures.  Experience  to 
date  with  these  units  Indicates  that  they  work  extremely  well  and  no  problems  have  been  encountered. 
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Fig.  1  -Schematic  illustration  of  the  cantilever  beam  corrosion  test 


Fig.  2  -WOL  specimen  modified  for  use  as  a  stress  corrosion 
susceptibility  test  specimen 


Fig.  4  -Loading  arrangement  and  instrumentation  used  for  stress 

corrosion  testing 
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Fig.  6— The  test  unit  --■'I  instrumentation  used  to  conduct 
stress -corrosion  ttsting  with  large  WOL  specimens 
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A  contributory  Adjunct  to  •tress-corrosion  testing  Is  the  application 
of  conceptual  aodeling.  As  an  exsaple  of  the  technique,  the  Krafft  tensile- 
ligament  aodal  was  applied  to  results  from  a  Zn-Hg-Cu  aluminum  alloy  series. 
The  variant  in  the  series  was  the  degree  of  homogeneity  of  the  nicrostructure. 
According  to  the  model,  the  largest  variation  in  the  susceptibility  to  stress 
corrosion  crack  propagation  vms  attributable  to  an  increase  in  the  rate  of 
surface -chenical  attack  around  the  circumference  of  the  ligaments. 


Curing  a  continuing  research  effort  to  produce  an  ultrahigh  strength  aluminum  alloy,  an  intermediate 
phase  consisted  of  the  characterization  of  a  homogeneous  or  essentially  inclusion- free  alloy.  This  pre¬ 
sented  an  opportunity  to  study,  in  some  detail,  the  influence  of  the  undissolved  alloy  constituents, 
normally  found  in  commercial  material,  on  the  stress -corrosion  behavior. 

As  the  basis  for  the  study,  the  tensile-llgsment  model  of  Krafft  was  selected.  The  application  of 
this  model  to  the  stress -corrosion  phenomenon  has  bee-  presented  in  a  recent  publication  by  Krafft  and 
Kulherln.1  This  paper  describes  the  stress-corrosi...  behavior,  as  a  function  of  homogeneity,  for  a  Zn- 
Mg-Ou  aluminum  alloy  in  terms  of  this  model. 

Experimental  Material 

The  experimental  material  consisted  of  a  2  inch  thick  plate  of  the  following  analysis. 


Component 

Weight  Perci 

Zn 

5.5 

Mg 

2.50 

Cu 

1.57 

Cr 

0.20 

T1 

0.01 

Fe 

0.00 

Si 

0.01 

A1 

Balance 

The  plate  van  thermally  treated  to  produce  four  different  concentrations  of  the  nonequilibrium  particles 
(Ca)  obtained  through  treatments  A,  B  C,  and  D.  The  determination  of  their  volume  fraction  compared  to 
a  commercial  control  follows. 


Treatment 


Cs  (volume  percent) 


Commercial 

A 

B 

C 

D 


0.860 

0.324 

0.241 

0.106 

<0.050 


Upon  conclusion  of  the  homogenizing  treatment,  the  material  was  water  quenched  and  aged  at  120°  C  to 
produce  a  fine  scale  precipitate  n  from  the  solid  solution.  The  purpose  of  this  precipitation  treatment 
was  to  strengthen  the  alloy  to  the  equivalent  of  the  1’6  condition.  The  resulting  engineering  mechanical 
properties  in  the  short  transverse  direction  as  a  function  of  the  second  phase  were  found  to  be  the  fol¬ 
lowing. 


Treatment 

YJ.eld 

Strength  (kai) 

Ultimate  Tensile 

Elongation 

(%> 

Commercial 

73.0 

83.0 

11.0 

A 

73.6 

82.2 

12.5 

B 

69.5 

80.2 

13.9 

C 

70.7 

83.0 

13.4 

D 

73.4 

83.3 

14.4 

Ketallographically,  a  general  comparison  cf  the  grain  morphology  and  concentration  of  second  phase 
between  commercial  end  experimental  -..ui.erial  is  shown  in  Figure  1. 

Rather  complete  discussion  of  the  physical  metallurgy  aspects  o!  this  category  of  materials  has  been 
presented  ty  Antes  and  Markus,2  and  or  the  mechanical  behavior  by  Mulherin  and  Rosenthal.3 


Mag:  100X 
Keller's  Etch 


Figure  1.  Composite  Photomicrographs  of  the  Three  Principal  Fabrication  Planes  to 
Demonstrate  Grain  Morphology  and  Distribution  of  Second  Phases: 

A  -  Commercial  Material  B  -  Experimental  Material 

Determination  of  Plastic  Flow  and  Fracture  Properties 

To  determine  the  plastic  flow  properties,  stress -strain  curves  were  obtained  by  measuring  the  dia¬ 
metral  expansion  strain  on  short  compression  specimens.  The 'specimens  were  1/4  Inch  In  diameter  and  7/16 
Inch  long.  The  appearance  of  the  compressive  stress  <ac)  vs  diametral  areal  strain  ((f)  record  for  both 
commercial  and  experimental  material  is  illustrated  in  Figure  2. 


o  i  «  •  •  w  jj  w  w  >»  » 

Flgur-  2.  Compression  Test  Record  of  Stress  (ffc)  vs  Diametral  Areal 
Strain  ((f)  for  Commercial  and  Experimental  Material 

The  elaatlc  slope  (0O)  is  related  to  the  longitudinal  elastic  constant  (E)  by  Poisson's  ratio  (v)  by 

p-4- 

20o 

The  components  of  the  compressive  strain,  in  terms  of  elastic  and  plastic  components,  are 


f  A  ■  fP  +  rc 

where  ep  is  the  experimentally  determined  plastic  strain.  In  turn,  the  compressive  data  Is  converted  to 
the  "true"  (bar)  values  by 

-  gc 

a  =  a  +  ca) 


9  =  0C  -  a 


The  conversion  to  longitudinal  strain  (cL)  is  simply 


c,  =  +  -2- 

L  r  E 


In  this  manner,  the  instability  strain  criterion,  after  Krafft,  can  be  investigated;  viz,  where 

JL  -1=0, 


A  convenient  representation  of  the  true  stress-strain  characteristic  is  obtained  by  plotting  the 


T 


Instability  coefficient  ($/oJ  agsinat  the  reciprocal  longitudinal  strain  (^'^)  .  This  representation  is 
presented  in  Figure  3  far  the  C  Material,  and  1s  coopered  to  the  roatrrlil  control.  Evaluation  of  each 
treatnent  resulted  in  tlu  following  determinations  of  the  Instability  strain. 

Instability  Strain,  cc 


Treatment  _ tO 

rn—rrlsl  11.6 

A  12.9 

B  13,3 

C  12.7 

D  12.8 


These  data  indicate  an  Insensitivity  of  the  instability  strain  to  a  wide  variation  in  the  concentration 
of  second  phase. 
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Figure  3.  Graph  of  Stability  Coefficient  (0/o)  against  Reciprocal  Longitudinal 
Strain  (ct,"*)  to  Obtain  Instability  Condition  (0/cr  “  1) 

For  the  fracture  investigation,  the  plane  strain  fracture  toughness  was  obtained  using  a  compack  Kjc 
specimen  configuration  (QCS)  as  described  by  Weasel.*  This  Is  a  pin-loaded  3lngle-edge-notched  geometry. 
Specimen  orientation  fixed  the  plane  of  crack  propagation  parallel  to  the  plate  surface  at  mid-thickness. 
Prior  to  testing,  a  fatigue  crack,  0.1  inch  long,  was  introduced  at  the  root  of  the  machined  notch.  Non¬ 
linearity  of  the  crack  front  was  encountered  in  the  experimental  material  due  to  the  lack  of  a  stretching 
operation,  usually  performed  on  mill  products. 

For  the  fracture  toughness  test,  a  double  cantilever  clip  gage  was  used  to  obtain  crack  opening  dis¬ 
placement.  This  was  plotted,  concurrently  with  the  load,  on  an  X-Y  plotter.  Loading  was  performed  on  a 
closed  loop  hydraulic  machine.  Analytically,  a  compliance  power  series  was  used  to  calculate  the  stress 
Intensity,  Instability  was  selected  at  the  4  percent  offset  intersection  of  the  load-deformation  plot. 

The  results  of  the  plane  strain  fracture  toughness  as  a  function  of  second  phase  are  shown  in  Figure  4. 

From  a  commercial  level  of  approximately  20,000  psi/ln, ,  an  increase  of  100  percent  is  experienced. 

In  the  model  it  is  postulated  that  tensile  ligaments  are  formed  at  the  crack  front.  It  is  these  lig¬ 
aments  that  not  only  are  subject  to  the  usual  tensile  behavior  but,  also,  are  sensitive  to  the  environment - 
to -metal  surface  attack.  As  previously  observed,  the  site  of  the  ligaments  (dr)  is 

ys?  -  ~= m 

E  \fc  / 

which  is,  incidentally,  the  distance  ahead  of  the  crack  front  at  which  the  validity  of  the  elastic  stress 
field  singularity  is  attained. 

With  the  previous  determination  of  the  instability  strain  and  plane  strain  fracture  toughness,  the 
llg&mental  cell  size  is  a  simple  computation.  The  results  are  shown  in  Figure  5.  In  view  of  the  constancy 
of  ^he  instability  strain,  the  results  follow  an  anticipated  power  law  relationship  and  are  compared  to  a 
sq'  ere  root  dependency. 

Application  of  the  Model  to  Stress-Corrosion  Cracking 


© 


Thi  tensile-ligament  model  Identifies  three  factors  as  Influential  in  the  corrosion-assisted  crack 
propagation  phase  of  stress -corrosion  cracking.  These  are:  (1)  the  ligaroental  cell  size,  dy;  (2)  plastic 
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Figure  4.  Relationship  between  the  Plane  Strain  Fracture  Toughness 
in  the  Short  Transverse  Direction  and  the  Concentration 
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NOTE:  These  data  points  are  compared  to  a  square  root  dependence. 

Figure  5.  Relationship  between  the  Ligamental  Cell  Sire  and  the 
Concentration  of  Second  Phase 

stability  0/a  (O ;  (3)  a  surface  chemical  reaction  rate,  VB,  between  the  dy  cells  and  the  spatial  envi¬ 

ronment  . 

Recalling  from  the  publication  cited,1  Vs  can  be  stated  in  terms  of  flow  properties  such  that 

Vc  ^  \°  I 

where  Ve  is  the  velocity  of  crack  propagation.  The  reciprocal  of  the  crack  velocity  relative  to  the  sur¬ 
face  chemical  reaction  rate  is  shown  in  Figure  6.  If  desired,  the  fL  can  be  scaled  to  the  stress  inten¬ 
sity  by  scale  matching  at  the  instability  strain.  The  constancy  of  the  Vs/Vc  rati.o  shown  in  these  data 
has  been  experienced  for  commercial  material  as  well. 

For  the  particular  case  being  studied,  the  observations  of  the  crack  propagation  behavior  ore  in  the 
form  of  tlme-to-failure  data.  Therefore,  a  summation  integral  is  used,  namely: 

Klc 

V.tf  '  /  <*!)  da 


For  scale  matching,  one  assumes  that  tie  surface  reaction  rate  is  constant  for  the  life  of  the  liga¬ 
ment  This  assumption  appears  reasonable  in  view  of  the  nascent  state  and  small  diameter  °f  5*®  ! l^an’ents 
With  the  evaluation  of  V8,  the  actual  data  may  be  compared  to  the  model  prediction  which  is  shown  in 
Figure  7.  Substantial  agreement  is  indicated. 

Also  of  significance  is  an  evaluation  of  the  V8  constants  as  a  function  of  the  homogenization  treat¬ 
ments.  'fncse  are 
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Figu  -e  6.  Reciprocal  of  the  Crack  Velocity  (Vc)  Relative  to  Surface  Chemical 
Reaction  Rate  (Vs)  Plotted  against  Longitudinal  Strain 


Figure  7.  Comparison  between  the  Model  Prediction  for  Treatment  C 

and  Failure  Time  Data  (tf)  for  All  Homogenizing  Treatments 


V8 


Treatment 

(in. /sec) 

Commercial 

1.10  x  10 ' 

A 

4.35  x  10" 

B 

6.10  x  10* 

C 

1.40  x  io"; 

D 

2.14  x  10" 

These  data  Indicate  that  the  chemical  reaction  accelerated,  causing  an  Increase  in  the  crack  propagation 
velocity.  Arithmetical  manipulation  shows  cra:k  velocities  In  the  order  of  1.6  u  in. /second  for  the 
commercial  material  and  2300  u  in, /second  1'or  the  C  treatment. 

The  model  further  Identifies  the  threshold  for  stress-corrosion  crack  propagation  with  the  tensile- 
yield  strength  (OyS) ,  the  ligamental  '■ell  size  (dj)  and,  for  aluminum,  the  elastic  Poisson  ratio  (v)  in 
the  following  manner 

Kiscc  -  (1  ^  dr. 

Actual  determination  of  the  Ki8cc  compared  to  the  prediction  is  shown  in  Figure  8,  using  Kjc  as  the  inde¬ 
pendent  variable.  These  data  are  seen  to  be  In  close  agreement  with,  but  slightly  above,  the  model 
values . 
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K  kti 

Figure  8.  Comparison  between  the  Predicted  and  Experimental  Stress- 
Corroeion  Threshold  (Kx»cc)  ea  a  Function  of  the  Plane 
Strain  Fracture  Toughness  (Kjc) 


Conclusions 


Specific  observations  which  can  be  derived  by  using  the  tensile-ligament  conceptual  model  for  the 
evaluation  of  the  material  susceptibility  to  stress -corrosion  crack  propagation  are: 

1.  In  the  stress  intt  is  icy  region  between  the  commercial  KIc  and  the  elevated  Kjc,  the  experimental 
material  will  tolerate  some  crack  propagation  under  a  trlaxial  stress  state,  whereas  the  comsercial  mater¬ 
ial  will  not. 

2.  In  the  stress  intensity  region  between  KIflcc  and  Kjc,  the  rate  of  crack  propagation  is  much 
greater  in  tie  experimental  materials. 

3.  A  modest  elevation  of  the  Kjacc  was  experienced  in  the  experimental  material  due  basically  to 
an  improvement  in  the  plastic  flow  t.nd  fracture  properties. 

4.  The  kinetics  of  the  surface  chemical  reaction  Increased  by  several  orders  of  magnitude  in  the 
experimental  material.  The  increased  chemical  reactivity  is  reflected  in  a  higher  crack  propagation 
velocity. 

Possibly  two  more  general  conclusions  of  greater  significance  can  be  made.  The  first  is  that  an  im¬ 
provement  in  the  toughness  of  a  material,  regardless  of  how  dramatic,  does  not  necessarily  imply  Immunity 
to  stress-corrosion  cracking  (XiKCc  Klc) •  The  second  conclusion  concerns  the  chemical  aspects,  exclu¬ 
sive  of  chemical  composition.  Chemistry  plays  a  vital  role  in  material  behavior;  therefore,  greater  em¬ 
phasis  should  be  placed  in  such  areas  as  polarization  and  potential  studies. 
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SUMMARY 


A  high  vacuum,  ’O"^0  torr,  all-metal  system  Is  described  in 

which  crack  growth  behavior  of  metals  under  static  and  dynamic 

loading  can  be  studied.  Provisions  are  made  to  Introduce  clean 

gases  to  the  system,  such  as  hydrogen  and  oxygen  to  study  their 

effects  on  the  crack  growth  phenomena.  Crack  growth  results  are 

presented  for  N1-200  exposed  to  low  pressures  of  hydrogen  gas  In 
-8 

the  10  to  150  torr  pressure  range. 
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Ml  ULTRA  HIGH  VACUUM  SYSTEM  FOR  DETERMIHING  THE  EFFECTS  OF  GASEOUS 
ENVIRONMENTS  ON  FATIGUE  MB)  FRACTURE  PROPERTIES  OF  METALS 

H.  L.  Marcus  and  P.  J.  Stocker 


Introduction 


Many  studies  over  the  years  have  been  made  on  the  effects  of  hydrogen  on  the  mechanical  properties  of 
metals,  and.  In  particular,  of  the  effects  of  hydrogen  Internal  to  metals,  that  Is,  of  hydrogen  put  In  by 
heat  treatment,  electro-plating,  ar.d  other  processes.  The  Influence  of  gaseous  hydrogen  on  the  mechanical 
properties  of  metals  has  been  Investigated  to  a  much  lesser  extent.  Recently  there  has  been  a  great  deal 
of  activity  In  this  field  In  relation  to  the  space  program.  In  particular,  the  work  of  Chandler  and 
Halters1  has  Indicated  pronounced  effects  of  high  pressure  hydrogen  gas  on  what  were  previously  thought 
to  be  relatively  Insensitive  materials.  Others  have  also  studied  hydrogen  at  various  pressures.2*8  N1 
based  alloys.  In  general,  are  those  In  which  the  hydrogen  effects  are  significantly  higher  In  gaseous 
hydrogen  than  when  precharged  with  hydrogen. 

Subcrltlcal  crack  growth  phenomena  In  steels  has  been  studied  by  Nelson,  Williams  and  Tetalmann.2*3 
Their  work  on  hydrogen  effects  on  slow  crack  growth  has  shown  that  the  effects  of  hydrogen  gas  below  one 
atmosphere  pressure  can  be  rather  significant.  They  have  demonstrated  that  temperature  dependence  leads 
to  a  peak  In  crack  velocity  and  that  this  peak  apparently  Is  associated  with  dissociation  of  the  molecular 
hydrogen. 

It  Is  the  purpose  of  this  paper  to  describe  equipment  In  which  fatigue  and  static  crack  growth 
behavior  could  be  established  In  an  ultra  high  vacuum,  of  the  order  of  10"10  torr.  In  addition,  crack 
growth  rate  as  a  function  of  partial  pressure  of  gas,  in  particular  of  hydrogen  gas.  In  a  range  of  from 
10*8  torr  to  1  to  2  atmospheres  can  be  made.  The  material  used  In  the  Initial  studies  and  to  be  described 
In  this  paper  Is  commercially  pure  N1-200. 

System  Description  and  Results 

The  system,  shown  In  Fig.  1,  Is  a  stainless  steel  ultra  high  vacuum  system  which  contains  the  specimen 
and  transfers  the  specimen  load  through  metal  bellows  to  an  MTS  electro  hydraulic  universal  mechanical 
testing  machine.  Three  separate  stages  of  oil-free  pumping  permit  evacuation  of  the  chamber  with  no 
possibility  of  contamination  through  oil  backstreaming.  The  first,  a  sorption  pump,  recuces  the  pressure 
to  about  5  torr,  a  range  where  an  Ion  pump  may  be  employed.  The  latter  has  the  capability  of  reducing 
the  pressure  to  the  10*10  torr  range.  For  Increased  pumping  speed,  a  titanium  sublimation  pump  Is 
available  to  be  used  In  conjunction  with  the  ion  pump;  however,  the  titanium  surface  Is  such  an  active 
getter  that  It  cannot  be  used  during  hydrogen  atmosphere  work.  The  chamber  pressure  is  measured  with 
three  different  pressure  gauges.  An  ion  gauge  operates  in  the  range  10' 10  torr  to  10* 3  torr,  a  thermo¬ 
couple  gauge  functions  from  10"3  torr  to  1  torr  and,  finally,  a  Bourdon  tube  gauge  is  used  from  1  torr 
to  1  atmosphere.  The  system  is  totally  bakable  and  may  be  outgassed  at  temperatures  up  to  280°C.  This 
feature  not  only  makes  possible  the  attainment  of  ultra  high  vacuum,  but  helps  to  reduce  outgasslng 
during  studies  at  temperatures  below  280°C.  The  sample  temperature  control  arrangement  depicted  In 
Fig.  1  is  a  heat  transfer  device.  The  copper  bloc*  is  mounted  to  the  specimen  within  the  chamber  and 
hot  gas,  cold  gas,  or  liquid  nitrogen  is  passed  through  it  until  a  steady-state  temperature  Is  reached. 

The  copper  block  minimizes  the  thermal  gradients.  The  temperature  gradient  across  the  tapered  cantilever 
beam  specimen  is  less  than  5°C.  The  temperature  may  then  be  varied  while  the  crack  is  propagating. 

Another  feature  of  this  system  is  a  provision  for  the  introduction  of  a  gas,  or  gases,  during  the 
course  of  an  experiment.  Thus,  one  may  obtain  a  crack  velocity  at  ultra  high  vacuum,  then  Introduce  a 
known  amount  of  a  gas  such  as  hydrogen  and  observe  Its  effect  on  the  crack  growth  behavior  and  subse¬ 
quently  insert  a  controlled  amount  of  a  second  gas,  such  as  oxygen,  so  as  to  attempt  to  determine  inter¬ 
action  levels  and  the  amount  of  the  second  gas  necessary  as  a  function  of  hydrogen  pressure  to  Influence 
the  embrittling  effect  on  the  material.  The  Ion  pumps  can  be  valved  off  from  the  main  chamber  contalnina 
the  active  gases.  In  practice  the  gases  may  be  passed  from  bottles  of  commercially  available  research 
grades  or  from  less  pure  sources  through  permeation  transfer  tubes  or  through  a  gas  purification  train. 

A  Pd-Ag  transfer  tube  is  used  for  hydrogen,  and  pure  Ag  is  used  for  oxygen.  If  the  crack  growth  rate  is 
extremely  slow  and  the  run  becomes  extended,  outgassing  may  prove  to  be  a  problem.  In  this  case  the 
chamber  may  be  re-evacuated,  brought  back  to  the  proper  gas  pressure  and  then  the  run  continued.  A 
bakeable  gas  analyzer  can  also  be  incorporated  into  the  system. 

The  specimen  used  in  the  experiments  run  In  this  system  is  a  tapered  double  cantilever  beam  specimen 
developed  initially  by  Mostovoy  and  Ripling11  and  analyzed  by  Srawley  and  Gross.12  Marcus  and  Si h 1 3  have 
given  a  discrete  description  of  the  particular  specimen  used  in  these  studies.  The  specimen  has  the 
advantage  of  a  constant  stress  intensity  at  the  crack  tip  over  a  range  of  approximately  two  inches  when 
a  fixed  load  is  applied.  This  allows  continuous  monitoring  of  the  crack  velocity  while  changing  environ¬ 
mental  or  loading  variables,  such  as  the  hydrogen  gas  pressure,  while  the  crack  is  running. 

The  materials  studied  to  date  in  this  system  have  been  Ti,  Fe,  Cu,  Cb  and  Ni  based  alloys.-  In  this 
paper,  however,  we  will  limit  our  discussions  to  the  effects  on  commercially  pure  Ni  200..  Fig.  2  shows 
crack  velocity  versus  H2  pressure  for  fixed  stress  intensity,  K,  at  three  different  values  of  iK  in  Ni  200.- 
aK  Is  Kmax-Kq^f,  in  sinusoidal  cyclic  loading,  Thus,  as  you  can  see  at  lO'Horr,  you  may  start  seeinq  an 
influence  of  hydrogen  gas  on  the  cyclic  crack  growth  rate  and  by  the  time  you  qet  to  150  torr,  which  is 
the  maximum  pressure  in  these  particular  runs,  you  have  an  order  of  maanitude  increase  in  the  crack 
growth  rate  that  Is  strong’y  dependent  on  hydrogen  pressure,  as  is  shown  in  Fig.  3. 

Of  particular  interest  is  the  temperature  dependence  of  the  Ni  crack  growth  rate  in  the  presence  of 
hydrogen  gas..  This  gives  clues  to  the  rate  controlling  processes.;  The  hydrogen  gas  is  introduced  mio 
the  system  and  the  Ni  crack  growth  rate  is  monitored  as  the  temperature  of  the  sample  is  varied  with  the 
gas  heat  transfer  system..  A  maximum  at  approximately  0°C  is  observed  as  shown  in  Fig.-  4.  These  results 
are  for  three  different  runs  up  and  down  the  temperature  range  on  the  same  specimen.  The  maximum  at  the 
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lower  teoperature  in  both  heating  and  cooling  eliminates  the  possibility  of  outgasslpg  being  the  cause. 
This  maximum  may  be  associated  with  a  dissociation  of  the  hydrogen  molecule  as  was  suggested  by  similar 
results  for  statically  loaded  steels.2 

After  the  crack  growth  rate  in  clean  150  torr  hydrogen  was  established  oxygen  was  Introduced  into 
the  system  through  a  controlled  leak  valve.  Addition  of  50*100  torr  partial  pressure  of  oxygen  reduced 
the  cyclic  crack  growth  rates  back  to  those  observed  In  hard  vacuum.  The  work  described  here  Is  not 
complete  enough  to  determine  If  only  the  partial  pressure  of  oxygen  limits  the  /rowth  or  If  It  is  con¬ 
trolled  by  a  different  partial  pressure  of  oxygen  for  the  varied  hydrogen  pressures.  The  system  Is  set 
up  so  that  it  Is  possible  to  introduce  several  gases  and  mixtures  of  gases  to  determine  their  combined 
effects. 

Discussion 


The  system  described  In  this  paper  makes  it  possible  to  measure  the  crack  velocity  rate  In  ultra  high 
vacuum.  In  addition  it  enables  us  to  introduce  external  gases  to  establish  some  measure  of  the  lower 
limit  of  gas  pressure  for  which  reactions  will  actually  take  place.  One  limitation  in  regard  to  this 
particular  technique  is  the  fact  that  the  pressure  Is  the  external  pressure  and  not  necessarily  the  pres¬ 
sure  at  the  crack  tip.  In  particular,  the  problem  with  the  tapered  double  cantilever  beam  specimens 
described  Is  the  fact  that  you  have  this  tremendously  high  service  area  of  very  clean  metal  surface  that 
tends  to  adsorb  the  gas.  This  may  limit  the  amount  of  gas  capable  of  getting  at  the  crack  tip.  Therefore, 
the  ras  pressure  observed  is  only  the  upper  limit  to  the  gas  pressure  at  which  interactions  take  place 
and  this  may  be  off  by  a  couple  of  orders  of  magnitude  from  the  absolute  pressure  at  the  crack  tip  where 
the  Interactions  take  place.  What  has  been  shown  is  that  a  very  small  amount  of  hydrogei  gas  does  Interact 
at  the  crack  tip  setting  up  stress-gas  Interaction  configuration  such  that  the  crack  velocity  does  Increase 
with  gas  pressure.  The  system  has  the  capability  of  keeping  a  very  clean  surface  and  lias  been  used  to 
Introduce  not  only  a  gas  to  the  vacuum,  such  as  hydrogen,  but  a  second  gas  such  as  oxygen  to  effectively 
passivate  the  surface  In  the  presence  of  hydrogen.  Although  the  pressure  of  1  torr  Is  a  s  gmficaotly 
low  pressure.  It  Is  more  than  sufficient  to  keep  the  surface  fully  covered  as  the  crack  propage tes.  T,u,: 
results  clearly  demonstrate  that  hydrogen  gas  does  Implement  the  crack  growth  In  N1-200  and  the  crack 
growth  rate  Is  significantly  changed  as  you  go  up  in  pressure  of  the  hydrogen.  In  the  low  pressure 
ranges  investigated.  This  result  demonstrates  that  the  gas  hydrogen-nickel  Interaction  Is  much  more 
severe  than  that  associated  with  Internal  hydrogen  where  It  has  been  observed  that  there  Is  very  little 
hydrogen  effect. 

The  fracture  surface  appearance  of  cycllcly  loaded  N1-200  in  gaseous  environment  Is  shown  In  Fig.  5. 
The  N1  that  Is  grown  in  10-®  torr  vacuum,  5B,  has  a  ductile  fracture  mode.  In  150  torr  hydrogen,  5A, 
where  a  larger  growth  rate  Is  observed,  the  fracture  surface  Is  flatter  and  microcracks  in  the  direction 
perpendicular  to  the  propagation  direction  are  prevalent.  These  are  characteristic  of  all  the  fracture 
surfaces  of  all  materials  where  hydrogen  effects  crack  growth.  In  one  atmosphere  of  oxygen,  5C,  the 
prtsence  of  striatlons  Is  pronounced  and  microcracks  that  were  characteristic  of  the  hydrogen  embrittle¬ 
ment  are  not  present.  Another  Interesting  observation  Is  that  In  the  double  cantilever  beam  specimen 
microcracks  are  formed  in  hydrogen  on  the  fracture  surface  initially  formed  in  hard  vacuum.  We  know 
these  are  formed  after  the  crack  growth  since  microcracks  are  not  significantly  observed  in  regions 
fatigued  in  hard  vacuum  and  not  subsequently  exposed  to  hydrogen.  If  you  introduce  the  hydrogen,  the 
flexing  of  the  arms  creates  a  high  enough  stress  at  the  clean  metal  fracture  surface  to  start  hydrogen 
embrittlement  and  get  the  cracks  forming  perpendicular  to  the  growth  direction.  Although  the  -ystem 
described  In  this  paper  allows  the  use  of  the  extremely  high  vacuum  to  initiate  fatigue  crack  growth 
and  permits  subsequent  exposure  of  the  clean  metal  surface  to  gases  such  as  hydrogen  to  see  the  inter¬ 
action  effects  with  the  fatigue  crack  propagation  rate  it  Is  necessary  to  be  careful  in  evaluating  the 
fracture  surfaces  due  to  this  post  fracture  Interaction.  This  was  dramatically  demonstrated  in  work  on 
Ti-6Al-2Sn-4Zr-6Mo  where  the  cold  worked  surface  region  formed  during  fatiguing  vacuum  completely  formed 
a  hydride  after  hydrogen  was  Introduced.14 

Conclusions 


An  all  metal  bakeable  vacuum  system  coupled  to  an  electrohydraulic  system  is  described,  which  oper¬ 
ates  at  pressures  as  low  as  10'10  torr.  It  has  facilities  for  introducing  pure  gases,  separately  or 
together,  into  the  vacuum  system  at  controlled  pressures  ranging  from  10-®  torr  to  1  atm.:  Both  static 
and  dynamic  crack  propagation  tests  can  be  run,  initially  In  hard  vacuum  and  then  as  a  function  of  the 
gas  or  gases  added.  Temperature  runs  can  be  made  from  -100°C  to  +200°C._ 

Studies  of  comnercial  Ni -200  are  presented  showing:, 

1)  Hydrogen  effects  on  fatigue  crack  growth  rate  are  seen  at  hydrogen  pressures  under  1  torr,  with 
as  high  an  order  of  magnitude  Increase  In  growth  rate  at  150  torr. 

2)  A  pea*  In  growth  rate  is  observed  at  0°C  for  fixed  loadinq  conditions  and  hydrogen  gas  pressure.; 

3)  Oxygen  passivates  the  Ni-200  to  the  hydrogen  interaction  when  added  to  the  hydrogen  gas.' 
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Figure  3  Fatigue  crack  growth  rate  of  Ni-200  as  a  function  of  AK 
for  two  hydrogen  pressures. 
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Fatigue  crack  growth  rate  of  Ni-200  in  150  torr 
hydrogen  qas  over  the  temperature  range  -50  to  +25°C 
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Acoustic  emission  techniques  have  been  used  in  the  study  of  stress  corrosion  cracking  in  high  strength 
naterial.  Pre-fatigue  cracked  single  cantilever  specimens  were  loaded  and  exposed  to  gasjous  and  aqueous 
emrirorments.  Acoustic  emission  signed,  shape  and  total  resonance  counts  were  recorded  for  specimens  of 
different  strength  levels  tested  in  different  environments.  Also,  the  phenomenon  of  wave  reflection  vas 
reduced  in  order  to  examine  the  frequency-  content  and  energy  of  the  emission. 

The  results  show  that  a  higgler  strength  level  produces  more  acoustic  activity,  regardless  of  en¬ 
vironment.  Also,  the  generated  stress  wave  is  of  a  high  frequency  and  low  energy  nature. 
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ACOUSTIC  EMISSIONS  AND  SLOW  CRACK  GROWTH 
IN  HICS  STR0JGTH  Stm. 

R.  W.  Staehle 
G.  E.  Kerns 


INTRODUCTION 


Tte  propagation  of  stress  corrosion  cracks  in  high  strength  steel  is  aoempanied  by  the  generation  of 
high  frequency  stress  waves.  Such  acoustic  emissions  are  functions  of  both  the  material  and  the  fracture 
process,  in  that  stress  wove  generation  is  favored  by  high  strength  levels,  cleavage  mode  failure,  large 
grain  size,  plane  strain  conditions,  and  twinning'1' .  However,  severed,  questions  regarding  such  stress 
waves  remain  unanswered: 

1.  How  much  elastic  energy  is  associated  with  an  acoustic  emission? 

2.  Can  fracture  events  be  determined  by  the  characteristics  of  the  emissions? 

3.  Is  the  technique  capable  of  giving  inf  conation  regarding  the  process  controlling  fracture? 

4.  With  what  specific  microetructural  detail  is  each  stress  wave  associated? 

(2) 

The  first  question  is,  at  present,  unanswered,  although  estimates  of  1  erg  per  emission'  have  been 
made  by  generating  known  energy  pulses  to  give  similar  detector  responses.  Also  parameters  related  to 
stress  wave  energy  (square  of  the  amplitude)  have  been  related  to  the  energy  input  from  linear  elastic 
fracture  mechanics*  .  The  second  question  is  unanswered  since  the  frequency  content  of  such  waves  limits 
the  use  of  conventional  detecting  techniques  on  a  quantitative  basis.  In  spite  of  the  lack  of  knowledge 
regarding  stress  wave  characteristics ,  acoustic  emission  techniques  have  been  used  to  determine  the  rate- 
controlling  process  during  crack  propagation  *  ' . 

The  aims  of  this  study  are  to  determine: 

1.  the  extent  to  which  emissions  are  functions  of  both  material  properties  and 
environmental  conditions. 

2.  the  nature  of  the  stress  wave  (i.e.  anplitude,  pulse  shape,  frequency  content) . 

Experimental  Procedure 

The  material  used  in  this  investigation  whs  AISI  4335  steel,  in  the  as-quenched  or  quenched  and 
tempered  condition.  Test  specimens  were  of  the  single  cantilever  beam  type,  as  shown  in  Figure  1.  In 
order  to  determine  the  effect  of  environment  on  acoustic  behavior,  specimen  heat  treatment  was  not  varied 
(1500°F/  1  hr.,  O.Q,  +  400°F/  1  hr,,  A.  C.) .  The  specimens  ware  0.495  -  0.525"  thick,  1”  wide,  and  6"  long, 
providing  plane  strain  test  conditions.  The  specimens  were  pre-fatigue  cracked  in  air  and  tested  in  three 
environments:  1.  1004  dry  H~  gas,  2.  a  H-/Ar  gas  mixture  containing  23.1*  H_,  and  3.  3-1/2*  sodium 
chloride  solution.  The  solution  pH  was  adjusted  to  13.0  by  addition  of  sodium  hydroxide,  and  tlie  specimen 
was  tested  potentioutatically,  at  +1500  mV  w.r.t.  a  saturated  calomel  electrode.  A  Branson  16  MH  transducer 
was  used  to  detect  the  emissions,  as  shewn  in  Figure  2.  The  specimens  wre  tested  until  catastrophic 
failure  occurred. 

In  the  second  series  of  tests,  the  specimen  heat  treatment  was  varied.  Approximate  tensile  strength 
values  were  obtained  by  R  hardness  measurements.  The  test  environments  were  9.1*  H-  'in  HyAr  mixture) 
and  3-1/2*  sodium  chloride  solution  (pH  not  adjusted) .  In  the  latter  environment,  specimen  potential  was 
maintained  at  -1.0  volts  w.r.t.  a  saturated  calcnel  el'  ctrode.  An  liidevco  2272  accelerometer  ves  used  to 
detect  the  emissions,  and  resonance  peak  counts  were  r  joorded  as  a  function  of  beam  deflection.  The 
resonance  frequency  of  the  accelerometer  is  37  kHz,  In  prior  studies,  beam  deflection  (as  measured  by  an 
Lvroj  was  found  to  be  proportional  to  crack  length  under  constant  load  conditions.  The  electronic  system  is 
shewn  in  Figure  3. 

In  the  third  study,  an  atttaipt  was  trade  to  determine  wave  mode,  anplitude,  and  energy.  In  order  to 
avoid  free  surface  reflection  of  the  stress  wave  before  it  strikes  the  detecting  transducer,  sections  of 
AISI  4335  steel  (same  heat  treatment)  were  coupled  to  the  sides  of  the  specimen.  Similarly,  the  two 
PZT-4  detecting  discs  (.049"  thick,  .350  diameter)  were  mounted  on  the  bottom  surface  of  the  specimen  and 
backed  by  1/2"  thick  sections  of  PZ1-4.  This  technique  inhibited  thickness  mode  resonance  of  the  detecting 
disc  by  providing  an  acoustically  matched  rtedlum  into  which  the  wave  could  pass,  without  undergoing  re¬ 
flection  or  refraction  within  tte  detecting  elanent.  This  procedure  provides  a  period  of  approximately 
6  microseconds  during  which  no  reflected  portions  of  the  incident  wave  should  excite  the  piezoelectric 
ceramic  disc.  Examination  of  the  actual  pulse,  without  the  superimposed  effects  of  specimen  or  transducer 
resonance,  is  therefore  possible.  The  specimen-transducer  arrangement  is  shown  in  Figure  4, 

Results 

Examination  of  the  signals  in  Figures  5-7  shows  that  no  significant  differences  in  signal  size  or 
shape  occur  by  changing  the  stress  corrosion  environment.  In  all  environments,  acoustic  sijnjl  size 
increased  just  prior  to  catastrophic  failure.  Initial  stress  intensities  were  39-49  ksi-in  for  the 
specimens  tested,  artf  no  significant  effect  of  starting  stress  intensity  factor  on  acoustic  activity  was 
observes.  Figures  8  and  9  show  that,  with  the  exception  of  the  240  ksi  specimen,  higher  strenqth  levels 
promote  itore  acoustic  activity  (regardless  of  environment)  for  the  same  amount  of  crack  growth.  In  both 
aqueous  tests  crack  bifurcation  occurred. 
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In  Figure  10,  the  signals  seen  in  the  latter  three  photographs  were  latter  attributed  to  electronic 
noise.  However,  in  the  first  tao  photographs,  spike  pulses  of  microsecond  duration  are  observed.  Also, 
sane  thickness  node  resonance  of  the  detecting  element  is  seen  to  occur  (2.5  Wz) .  Considering  the  crack 
front  .to  detector  distance  and  stress  wave  velocities  in  steel,  the  pgcoenoc  of  the  closely  spaced  signals 
in  the  first  t mo  photographs  oaild  not  be  explained  by  the  simultaneous  generation  of  both  dilatational 
and  shear  waves.  Bnission  energy  can  be  calculated  using  a  published  valued)  of  g,3  far  PZT-4 
(24.9  x  10-3  volt-raeters/newfccn)  and  approximating  elastic  energy  as  1/2  (c'^/E) ,  where  cr"  is  the  naxiram 
stress  on  the  piezoelectric  element,  and  E  is  Young's  modulus  for  the  ceramic.  The  value  of  a*  is  determin¬ 
ed  using  the  maxlmmi  voltage  generated  by  the  ceramic,  and  the  piezoelectric  constant  g,,.  it  is  assumed 
that  the  amplitude  of  the  wave,  for  such  short  pulses,  determines  the  energy.  Frequency  oontent  is  not 
considered  A  study  in  comparing  the  sc^iare  of  the  mission  amplitude  with  energy  has  been  done  by 
Carberich'3' .  In  the  present  study  the  wave  is  assumed  to  be  of  spherical  geometry  and  generated  by  a 
point  source  at  the  crack  front  in  the  mid-thickness  of  the  specimen.  The  amount  of  spherical  attenuation 
is  estimated  by  milt  (plying  the  apparent  energy  by  the  ratio  of  detector  area  to  the  area  of  a  sphere 
(whose  origin  is  at  the  mission  source)  with  radius  equal  to  the  source- to-detector  distance.  Since  this 
energy  is  dissipated  over  a  spherical  surface,  the  ceranic  disc  is  struck  by  only  a  fraction  of  the  total 
energy.  Energy  losses  at  the  metal-ceramic  interface  are  estimated  using  the  wave  refraction  equation 
(found  in  the  text  by  Mason'®')  far  the  case  of  a  normally  incident  dilatational  wave.  The  acoustic  im¬ 
pedance  tor  the  ceramic  was  obtained  from  the  same  source'®) .  The  inpedance  of  steel  was  obtained  from 
published  data'4 5 6 7' .  The  calculated  energy  per  emission  was  less  than  10“^  ergs.  These  calculations  are 
available. 


(inclusions 

T.ie  acoustic  emission  studies  have  shown  that: 

.  Higher  strength  levels  promote  greater  acoustic  activity  in  both  gaseous  and  aqueous  environments. 

2.  Acoustic  signals  generated  by  cracks  in  high  strength  steel  are  of  a  low  energy  and  high 
frequency  nature. 

3.  The  absence  of  reflection  phencmena  allows  for  the  examination  of  acoustic  signals  on  a  more 
quantitative  basis. 
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B  -  Specimen  Thickness  (in.) 

W  =  Specimen  Width  (in.) 

L  ~  Specimen  Length  (in.) 

A  -  Crack  Lengthen.) 

M  s  Applied  Moment  (in  lbs.) 

Plane  -  Strain  Stress  Intensity  Factor 
K  -4.I2M  TfpF? 

(psi-ini)  BD| 

Where:  a  =  I  -  fyp 


Fig.  1  -  Single  Cantilever  Beam  Test  Sptcimen. 
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Fig.  2  -  Test  Apparatus  for  Experiments  with  Branson  Transducer. 
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Fig.  6  -  Photographs  of  Acoustic  Emissions  in  Pure  H2  (Spec. 
CDG-81),.  horizontal  scale  -  50  sec/cm 
vertical  scale  -  10  mV/cm 


Fig.,  7  -  Photographs  of  Acoustic  Emissions  m  3 j'/r  NaC'  (adjusted  to 

pH  =  13. 0  with  NaOH)  at  H500  nV  WRT  (SCE)  (Spec.,  CDG-84), 
horizontal  scale  -  50  sec/cm 
vertical  scale  -  10  mV/cm 
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Fig.  8  -  Counts  vs..  Deflection  for  Specimens  of 
Various  Strength  Levels  in  Hjj-AR  Gas 
Environment.  (S.l  Vol.  % 


Heat  Treatment 

o  I600°F/I  hr.,0  Q  +  800°F/I hr.,  A.C. 

□  l500°/f-7l  hr.  ,O.Q. + 400°F/I  hr. ,  A.C 
Stress  Intensity  Factor -43.8  ksi-in-^ 


Fig.  9  -  Counts  vs..  Deflection  for  Specimens  in  3 2% 
NaCl  Solution  and  at  -1.0  Volt  WRT  Sat. 
Calomel  Electrode. 
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SUMMARY 


The  results  of  an  extensive  investigation  f  ■ 
the  improvement  of  the  stress-corrosion  t'-.r+'ni, 
methods  on  h igh-strengf-.h  Al-alloys  are  b-iefly  o 
I  ined. 

For  the  evaluatioi  of  the  crack  initiation 
period  under  different  stress  conditions,  two  c'.oi.th 
specimens  of  original  design  are  recommended. 

For  the  measure  of  the  crack  propagation  >ate, 
the  D.C.8.  pre-  .  acked  specimen  has  been  foun' 
effect i ve. 


*  *  ** 


RESUME 


On  prEaente  les  rEsultats  les  plus  importants 
d'une  recherche  approfondie  pour  I 'amE I > orat i on  des 
mEthodes  d'essai  a  la  corrosion  sous  tension  dans  les 
al I iages  lEgers. 


Pour  ('Evaluation  de  la  pEriode  d'incubation  de 
la  fissure  sous  de  diffErcntes  conditions  de  contrainte 
on  recommande  ici  deux  Eprouvettes  lisses  de  dessin  ori 
ginal.  Pour  la  mesure  de  la  vitesse  de  propagation  I' 
prouvette  O.C.B,  prefissurEe  s'est  dEmontrEe  efficace. 
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A  CONTRIBUTION  TO  STRESS-CORROSION 
TESTING  OF  ALU4INUM  ALLOYS 

by 

G.Bol Ian  i 


1  -  INTRODUCTION 

It  is  well  known  that  a  very  important  point  in  the  evaluation  of  the 
resistance  of  materials  to  stress-corrosion  cracking  is  the  assessment  and  the 
standardization  of  laboratory  testing  procedures,  suitable  to  give  consistent  and 
low-scatter  results,  that  may  be  readily  used  in  design  (l),  (2).  To  this  aim  it  is 
firstly  appropriate  to  define  as  clearly  as  possible  the  nature  of  the  • nf ormat i ons 
that  should  be  achieved  with  a  particular  test  :  this  criticism  does  usually  imply 
specific  requirements  for  the  kind  of  specimen  and  experimental  set-up.  A  special 
care  must  be  given  to  the  features  of  the  crack  initiation  and  propagation,  that 
as  far  as  possible  must  be  discernible  from  each  other  in  the  evaluation  of  the 
results.  Secondly  it  will  be  necessary  to  take  into  account  a  set  of  experimental 
conditions  extensive  enough  to  reproduce  all  the  relevant  practical  situations  : 
this  will  generally  involve  the  performance  of  tests  on  different  kinds  of  specimen, 
loading  system  and  environment. 

In  the  following  report  will  be  shown  the  most  relevant  p<  i rts  of  an  investi¬ 
gation  carried  out  on  this  subject  making  use  jf  •: 

-  smooth,  mechanically  notched  (edge  V  or  hole)  and  pre-cracked  (D.C.B.)  specimens 

-  simple  state  of  stresses  (uniaxial,  as  arising  from  a  classical  test  in  bending 
or  in  tension),  and  more  complex  states  (biaxial,  as  e.g.  in  torsion). 

The  testing  materials  have  been  selected  among  some  high-strength  Al-alloys, 
as  reference  environment  was  used  in  all  test3  the  standard  NaCI  3-  5%  aqueous  solution. 


2  -  EXPERIMENTS  AND  RESULTS 
2.1  SMOOTH  SPECIMEN 

This  kind  of  specimen  is  obviously  intended  to  evaluate  the  initiation  phase 
of  the  stress- corros i on  cracking.  The  principal  requirements  that  have  however  to  be 
accomplished  to  get  a  meaningful  information  are 

-  the  specimen  must  break  as  soon  as  a  crack  of  very  limited  depth  has  been  developed 
in  order  to  avoid  any  influence  of  the  subsequent  phase  of  propagation 

-  the  nominal  stress  must  be  clearly  defined  and  as  far  as  possible  constant  on  the 
entire  rupture  section. 

Whenever  possible,  it  is  also  useful  to  arrange  for  a  preferential  fracture 
zone  on  the  specimen,  that  makes  easier  an  early  detection  of  the  crack  nucleation 
and  contributes  to  reduce  the  scatter  of  results. 

After  said  requirements,  the  specimen  for  4  po i nts-bend i ng  loads  shown  in 
fig.l  has  been  designed.  The  following  remarks  are  appropriate  f 

-  the  size  of  the  specimen  (maximum  length  =  48  mm)  is  small  enough  to  allow  tests 
to  be  made  in  the  short-transverse  direction  of  nearly  all  plates  in  use  for 
structural  app I i cat i ons 

-  the  load  required  to  obtain  a  nominal  tensile  stress  (Tmax  =  0.75  -Oy  (maximum 
value  of  practical  interest)  is  lower  than  80  kg  for  all  high-strength  Al-alloys, 
and  can  be  easily  controlled  by  a  low-stiffness  spring  system 

-  the  stress  distribution  is  always  tensile  in  all  the  critical  area  (lower  part  of 
the  central  cross-section),  and  nearly  constant  for  a  length  +  2  mm  from  the  centra 
line,  where  most  of  the  'Vactures  do  occur;  the  stress  concentration  factor  due  to 
the  fillet  and  the  hole  is  very  small  (O'k  ~  1.2)  and  has  been  accounted  for  by 
strain-gages  calibration 

-  the  maximum  crack  length  before  rupture  is  only  1  mm. 
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It  is  interesting  to  point  out  that  for  high  strength  Al-alloys  with  one- 
step  aging,  tested  in  the  standard  environmental  solution  NaCI  Z.5%,  the  lowest 
stress  able  to  produce  a  stress-corrosion  crack  in  the  short  transverse  direction 
■say  range  from  3  to  7  kg/mm^.  This  value  of  stress  9ive3  rise  to  a  maximum  stress- 
intensity  factor  (assume  K  mOf7W3b  of  about  10  kg/mnT^'^  :  this  figure  of  K  is 
notably  less  than  the  minimum  value  of  K.  ,  as  evaluated  on  these  alloys  with  pre¬ 
cracked  O.C.B.  specimens  (see  point  3).  Thaw  is  to  say  no  K-controlled  propaga 

t i on  of  the  crack  was  included  in  the  long  life  evaluation  obtained  from  smooth 
specimens. 

The  fife  values  for  some  of  the  most  common  Al-alloys  and  aging  treatments 
are  reported  in  fig. 2  (all  specimens  have  been  obtained  from  plates  cf  50  mm 
thickness)  :  it  is  well  demonstrated  a  very  limited  scatter  of  the  -esults,  that 
makes  possible  a  good  selection  among  different  materials,  and  a  tendency  to  obtain 
a  safety  fig  re  of  the  strength,  near  the  lower  limit  of  the  ALCOA  scatter  band  as 
reported  in  refecence  (3). 

To  investigate  the  stress-corrosion  behavior  of  the  material  under  biaxial 
stress  conditions,  the  tubular  specimen  for  torsion  loads  shown  in  fig. 3  has  oeen 
designed.  The  size  of  the  hollow  cross-section  (wall  thickness  =  1  mm;  mean  radius 
*=  3.5  mm)  is  Much  that  a  maximum  shear  stress  of  {7*  0.75  .Oy  can  be  imposed  with 
a  torque  of  only  about  1.7  ■  10^  mm. kg  (20  kg  with  a  lever  arm  of  100  mm).  From  the 
equilibrium  of  stresses,  we  have  at  the  external  surface  of  the  specimen  a  biaxial 
situation  : 


where  T  is  directed  both  along  the  circumference  of  the  cross  section  and  parallel 
to  the  axis  of  the  cylinder;'  (J.  and  Oj |  are  the  principal  stresses,  respectively 
oriented  at  +  45°  and  -  45**  to  the  axis.  The  specimens  have  been  obtained  out  of 
a  plate  of  7075-T651,  50  mm  thick,  both  in  the  longitudinal  and  in  the  short-trans= 
verse  direction  (axis  of  the  cylinder  parallel  to  these  directions).  The  test  results 
shown  in  fig. 4  give  rise  to  the  following  comments  : 

-  for  the  material  investigated,  with  grains  strongly  elongated  im  the  cold  working 
direction,  the  fracture  takes  plac»j  along  elongated  grain  boundaries  (fibres)  and 
is  practically  insensitive  to  the  orientation  of  the  principal  tensile  stress, that 
was  conversely  the  major  con. rolling  factor  in  the  case  of  bending  loads 

-  the  threshold  values  (T^  of  stress-corros i on  cracking  for  specimens  taken  in  the 
longitudinal  and  in  the  short-transverse  direction  are  very  close  together,  and 
approximately  coircident  with  the  threshold  ( (J)  obtained  from  bending  tests  in 
the  short  transverse  direction. 

These  findings  have  been  confirmed  by  further  tests  on  an  extruded  bar  of  the 
same  material  an  temper,  with  nearly  equiaxed  grains  :  the  fracture  in  this  case  was 
probably  started  by  the  tensile  component  of  the  stress  (45°  to  the  axis  of  the  spe¬ 
cimen),  but  the  lives  in  the  longitudinal  and  the  transverse  direction  did  again  not 
differ  appreciably  ( 1 70  hours  against  140  hours,  with  an  imposed  stress  of  15  kg/mm^) . 

It  seems  therefore  that  the  tubular  specimen  tested  under  torsio.'l  load  could 
find  a  good  use  also  to  evaluate  the  short-transverse  resistance  to  stress-corrosion 
of  sheets  whose  thickness  is  only  10  mm,  that  is  insufficient  for  obtaining  a  bending 
specimen.  Furthermore  from  a  design  point  of  view  it  is  advisable  to  look  at  the 
torsional  loads  as  critical  stress  situations  with  regard  to  stress-corros i on  failu¬ 
res,  and  to  prescribe  careful  controls  when  this  will  be  encountered  in  practice. 

It  should  also  be  mentioned  that  the  torsion  specimen  might  really  not  be 
considered  as  a  truly  initiation  one  *  the  defoimation  following  the  crack  extension 
in  the  case  of  the  longitudinal  specimen  is  often  actually  large  enough  to  make 
possible  a  control  of  the  crack  propagation  and  a  study  of  morphological  details  of 
the  fracture. 

2.2  NOTCHED  SPECIMEN 

The  principal  aim  of  the  tests  made  on  this  kind  of  specimen  was  to  investi¬ 
gate  the  importance  of  the  surface  finish  of  the  smooth  specimens  in  fig.l  and  fig. 3. 
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The  bending- load  notched  specimen  was  manufactured  with  a  geometry  substantially 
similar  to  that  of  fig.l,  but  with  a  couple  of  edge  V  notches  (df|(  =  3.5)  and  a 
conscant  width  of  34  mm  :  see  fig. 5-  The  torsion-load  notched  specimen  was  manufac¬ 
tured  identical  to  that  of  fig. 3,  but  with  a  hole  (  (X «  “  1.5.  if  calculated  as 
Tmax/Tnom),  drilled  in  the  mid-section  <s  shown  in  fig. 6. 

Although  no  systematic  investigation  was  carried  on  these  specimens,  it  was 
easily  demonstrated  that  the  influence  pf  the  two  kinds  of  mechanical  notch  on  the 
crack  initiation  and  development  is  limited  to  the  high  stress  situation'  (quasi¬ 
static-ruptures);  in  the  case  of  stresses  near  the  thresho’  ’  value  a  notcn  proves 
almost  ineffective,  particularly  for  the  short-transverse  specimen.  This  statement 
has  been  found  to  apply  also  for  extruded  structures,  with  grain  boundaries  not 
strongly  elongated. 

It  is  therefore  advisable  that  a  smooth  stress-corrosion  specimen  be  given  a 
good  surface  finish  by  fine  machining  (to  a  roughness  of  say  Ra  =  0.8  f  1.5^11),  but 
it  is  believed  unnecessary  to  prov'de  a  more  expensive  finishing  by  grinding  or 
polishing  as  is  required  for  a  fatigue  specimen.  From  e  design  standpoint  it  i  s  worth 
noting  that  the  stress-corrosion  situation  for  a  notched  structure  of  Al-alloy 
appears  to  be  more  favourable  than  fatigue  this  fact  should  be  kept  into  account 
also  when  considering  the  relatively  minor  incidence  of  stress-corrosion  in  practice. 


2.3  PRE-CRACKEO  D.C.B.  SPECIMEN 

A  set  of  tests  has  a  I  sc  been  carried  on  Double  Cantilever  Beam  mechanically 
pre-cracked  specimens,  to  evaluate  their  suitability  for  crack  propagation  measure¬ 
ments.  As  it  is  well  known,  this  kind  of  specimen  looks  very  attractive  for  the 
possibility  of  making  tests  representative  of  the  actual  stress-corrosion  cracking 
with  a  minimum  requirement  of  axper ;  manta  I  facilities. 

The  geometry  of  the  specimen  used  in  our  investigation  is  shown  in  fig.  7 
it  differs  from  that  reported  in  the  ref.  (4)  only  in  the  width  of  the  notch  (the 
spacing  between  the  notch  surfaces  is  2  mm,  instead  of  1  mm,  for  more  ease  of 
machining),  and  in  the  jcrsw  diameter  (8  mm  instead  of  6  mm,  to  avoid  some  screw 
fractures  in  high  toughness  d i rect i ons) .  After  some  tr:als,  the  radius  at  the  tip 
of  the  mechanical  notch  was  set  0.2  nm,  as  this  would  repeatedly  give  well  aligned 
initial  cracks,  with  a  limited  amount  of  plastic  deformation. 

To  measure  the  initial  COD  a  very  simp!“  fixture  supporting  a  0.01  mm 
accuracy  dial -gage  proved  to  be  effective.  The  mechanical  extension  of  the  static 
crack  was  set  between  2  and  4  mm  i  the  main  reason  for  the  chclre  of  this  length 
is  to  evade  from  the  plastic  zone  at  the  tip  of  the  notch  (typically  of  the  size 
of  1  to  2  mm)  and  from  the  associated  residual  stresses.  In  so  doing  it  was  also 
possible  to  appreciate  if  the  propagation  in  the  environment  was  expected  to  be 
correct,  that  is  on  the  central  line  of  the  specimen  (see  fig. 7  -  left  specimen), 
or  in  a  slant  direction  (right  specimen).  The  measure  of  the  crack  propagation 
was  optically  made  on  both  sides  of  the  specimen  and  controlled  by  an  eddy-current 
method  (Magnaflux  ED-520)  i  results  differing  by  more  than  5^  nave  been  discarded. 

Among  the  materials  investigated  have  been  included  two  experimental  Al¬ 
ai  toys  with  Zr  addition,  recently  developed  at  the  Istituto  Sperimentale  Metal  I i 
Leggeri  -  Novara  (Italy)  -  (5),  whose  typical  composition  and  mechanical  characte¬ 
ristics  are  the  following  •£ 


Type  of  alloy 

Zergal  3 

Zergal  4 

chemical  composition  (average 
data)  -  %  - 

5.8  Zo 

2.4  Mg 

1.5  Cu  0.8  Cu 

0.2  Zr 

0.5  (Mn+Fe+SO 

ultimate  tensile  stress  -  kg/mm^- 

60 

55 

yield  point  -  kg/mm^  - 

54 

50 

e 1 ongat ion  -  % 

i, . . . 

m 

8.5 
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The  prc -cracked  specimens  have  been  tested  in  the  standard  environment, both 
with  continuous  immersion  (as  it  was  the  case  for  the  smooth  and  the  notched  ones), 
and  with  alternate  immersion  (10'  in  -  50'  out).  The  results  are  summarized  in 
figs. 8  to  11  as  follows 

-  fig. 8  :  stress- intensity  factor  (K|)  versus  time  (t),  to  evaluate  the  approximate 

Kjscc  value  for  7075-T651  (plate)  and  7079-T6  (extruded  bar) 

-  fig. 9  Kj  versus  t,  anc  K|scc  Tor  7075-T7351  (plate)  and  7075-T73  (forging) 

-  fig.  10  ;<|  versus  t,  and  K|gcc  Tor  Zergal  3  and  Zergal  4  (Gorging) 

-  Tig. 11  :  crack  propagation  rate  (da/dt)  versus  stress- intensity  factor  (K|)  for 

al*  the  experimented  materials. 

For  the  calculation  of  the  Kj  value  the  approximate  formula  : 

K  =  EVh  f3h  (a  +  0.6  h)2  +  h3  |  */2 
1  4  (a  +  0.6  h)3  +  h2  a 

valid  for  a  O.C.B. specimen  of  very  similar  geometry  (4)  was  assumed.  From  an 
examination  of  the  results  the  following  remarks  may  be  drawn  : 

-  the  pre-cracked  specimen  proves  to  be  a  simple  and  efficient  laboratory  tool 
for  the  evaluation  of  the  stress-corros i on  crack  propagation  in  materials;  the 
best  use  of  the  specimen  is  made  testing  on  plates  in  the  short-transverse 
direction  (or  in  the  transverse  for  forging  and  extruded  bars);  some  difficulty 
is  expected  when  testing  in  the  longitudinal  direction.  As  this  case  is  however 
not  the  most  dangerous  one,  the  limitation  does  not  appear  to  have  great  enough 
interest  in  practice 

-  the  repeatability  of  the  test  data  obtained  for  da/dt  versus  Kj  is  good  enough 
to  make  possible  the  selection  of  a  material  among  those  investigated  after  only 
a  few  days  (less  than  150  hours);  an  accurate  estimate  of  K|scc  does  however 
require  about  3  weeks,  in  the  classic  environment. 

As  to  some  material  performances,  it  may  be  noted  that  a  forging  of  the 
experimental  alloy  Zergal  4  (one  step  aging)  has  proven  nearly  equivalent  to  the 
alloy  7075-T73  from  the  standpoint  of  stress-corrosion  crack  propagation,  with  10% 
more  of  static  resistance. 


3  -  CONCLUSIONS 


In  stress-corrosion  testing  it  seems  advisable  to  makt  use  of  two  different 
kinds  of  specimens  the  one  suited  to  evaluate  the  initiation  period  (controlled 
by  a  threshold  value  of  the  applied  stress),  and  the  other  intended  to  measure  the 
crack  propagation  rate  (controlled  by  a  threshold  value  of  the  imposed  stress- 
intensity  factor).  The  first  specimen,  obviously  smooth,  will  be  necessary  to 
evaluate  practical  situations  where  no  surface  damage  is  admissible  for  a  structural 
element  ;  the  second  specimen,  already  pre-cracked,  will  be  required  to  keep  into 
account  the  fact  that  some  structures  may  contain  a  limited  defect  during  their  life. 

For  an  initiation  test  in  the  most  common  bending-load  conditions,  it  is  very 
useful  the  specimen  shown  in  fig.l,  that,  without  being  appreciably  more  difficult 
to  be  manufactured  than  the  classical  ones,  has  given  in  our  tests  accurate  and 
reproducible  results.  To  investigate  the  behavior  of  materials  under  the  effect  of 
a  more  complex  state  of  stresses,  as  arising  from  a  torsion-load  situation,  the 
specimen  shown  in  fig. 3  is  suggested.  This  specimen  car.  also  b«  used  for  a  prelimi¬ 
nary  evaluation  of  the  stres j-corros i on  resistance  of  plates  with  thickness  lower 
than  50  mm  (to  a  minimum  of  10  mm),  stressed  in  the  short-transverse  direction. 

The  surface  finish  of  a  smooth  specimen  is  not  so  important  as  in  fatigue  tests, 
particularly  at  the  very  long  lives. 

For  a  crack  propagation  test,  the  D.C.B.  pre-cracked  specimen  has  proven  to 
be  very  effective  and  nearly  inexpensive,  particularly  when  stressed  in  the  short- 
transverse  direction,  which  is  obviously  the  most  interesting  situation.  Some  diffi¬ 
culties  may  be  expected  when  loading  the  specimen  along  other  more  resistant  direc¬ 
tions.  The  selection  of  a  high  strength  aluminum  alloy  for  resistance  to  stress- 


corrosion  crack  propagation  by  means  of  this  or  similar  specimens  can  be  made 
on  a  sound  analytical  basis  (K,  ),  and  in  a  test  time  acceptable  for  industrial 

purposes. 


*  ££ 


* 
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Fig.l  -  Smooth  specimen  and  test  fixture  for  4-points  bending  load 


Fig. 2  -  Test  results  on  smooth  specimens  in  bending  (different  materials) 
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Fig. 11  -  Influence  of  K|  on  stress-corrosion  crack  rate  for  pre-cracked  O.C.B. 
spec i mens 
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SUMMARY 

Highlights  are  presented  of  recent  inv,  tigations  conducted  at  the  Naval  Ship  Research  and  Devel¬ 
opment  Center  on  sea-water  stress-corrosion  behavior  of  high-strength  aluminum  alloys.  Rolled  7000- 
series  plate  was  used  to  show  a  significant  influence  of  specimen  orientation  on  sea-water  stress-corrosion 
response.  The  results  suggested  that  tests  in  the  short  transverse  airection  are  essential  in  ascertaining 
stress-corrosicn  behavior  of  high-strength  aluminum  alloys  in  either  smooth  or  precracked  specimens. 
Based  on  these  results  a  number  of  high-strength  hand  forgings,  representing  the  2000-,  6000-,  and 
7000-series,  were  tested  as  bent-beam  and  precracked  cantilever  specimens  taken  in  the  short  trans¬ 
verse  direction.  Inconsistencies  are  observed  when  the  sea-water  stress-corrocion  results  frorr  pre¬ 
cracked  cantilever  specimens  are  compared  to  those  from  smooth  specimens.  The  results  indicate 
that  each  of  the  two  techniques  provides  important  information,  and  both  methods  should  be  used  in 
assessing  the  sea-water  stress-corrosion  behavior  of  high-strength  aluminum  alloys. 


INFLUENCE  OF  TEST  METHOD  ON  STRESS-CORROSION  BEHAVIOR 
OF  ALUMINUM  ALLOYS  IN  SEA  'VATER 

by 

George  J.,  Da  nek 


INTRODUCTION 

Stress-corrcsion  cracking  behavior  is  a  critical  property  in  selecting  high-strength  materials 
for  sea-water  applications.  Failure  by  this  process  can  be  insidious  and  catastrophic.;  Experience  has 
shown  that  many  high-strength-to-weight  materials,  developed  for  sophisticated  marine  applications, 
are  particularly  prone  to  failure  by  stress-corrosion  cracking. 

The  classical  methods  used  over  the  years  for  evaluating  sea-waier  stress-corrosion  cracking 
behavior  involve  sea -water  immersion  of  a  stressed  specimen,  usually  in  the  form  of  a  bent  beam.. 
Stress  corrosion  proceeds  by  two  steps  -  initiation  of  a  stress -corrosion  crack  id  subsequent  propaga¬ 
tion.  The  initiation  phase  of  the  process  entails  the  formation  of  a  stress  raiser  (notch)  from  which  the 
stress-corrosion  crack  can  propagate..  The  stress  raiser  may  be  introduc<  d  as  a  mecham«.’'l  notch  or 
as  a  weld  defect.  However,  initiation  often  occuru  when  a  pit  grows  to  fonr  the  stress  raise.'  from 
which  stress-corrcsion  cracks  emanate,  figure  1..  For  many  high-strength  alloys  the  pitting  piocess 
consumes  essentially  the  entire  exposure  time  in  a  classical  stress-corrosion  test..  The  subsiquent 
propagation  _n  a  susceptible  material  proceed.1'  rapidly,  and  final  failure  occurs  by  mecha  lica1  rupture 
when  the  crack  attains  a  critical  size.. 


12Ni-5Cr-JMo  Maiagmg  Steel  (Villela's  Etch) 


A  new  stres i-corrosion  technique  was  introduced  by  Brown  in  1966.  ^  A  specimen  with  a  oharp 

notch  is  stressed  in  bending  while  exposed  to  a  corrodent  For  cases  where  initiation  proceeds  by 
environmental  pitting  in  a  classica!  stress -corrosion  test,  the  sharp  notch  (usually  a  fatigue  crack)  can 
circumvent  the  time-consuming  process  of  forming  a  defect.  It  is  generally  agreed  that  the  technique 
is  a  significant  advancement  in  technology  and  offers  several  important  advantages  over  the  classical 
method  in  addition  to  reducing  the  testing  time:' 

•  Permits  evaluation  of  stress-corrosion  behavior  on  materials  which  are  immune  to 
pitting. 

•  Permits  quantitative  expression  of  complex  stress-corrosion  behavior  in  terms  of 
fracture  toughness  characterises, ,  defect  size,  and  stress  intensity 

•  Provides  a  tool  for  mechanism  studies  of  electrochemical  aspects  of  the  stress- 
corrosion  process  as  described  by  Brown,  et  al.  ’ 
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The  prec recked  cantilever-beam  technique  and  some  of  its  modifications  have  proven  valuable 
in  assessing  the  suitability  of  high-strength-to-weight  ratio  alloys  for  use  in  sea  water.  Classes  of 
materials  that  have  been  studied  at  the  Naval  Ship  Research  and  Development  Center  include  ferrous, 
nickel,  titanium,  and  aluminum  alloys. 


Our  work  on  aluminum  alloys  which  has  been  reported  by  Wacker  and  Chu  '  ’  will  be 

highlighted  in  this  paper.  Particular  emphasis  is  placed  on  inconsistencies  that  are  observed  when 
bent-beam  results  are  compared  with  those  from  precracked  cantilever  specimens..  Also  the  influence 
of  anisotropy  in  aluminum  alloys  on  stress  -corrosion  behavior  is  illustrated. 


MATERIALS 


Table  1  lists  aluminum  alloys  (hand  forgings  and  rolled  plates)  of  the  2000-,  6000-,  and  7000* 
series  that  are  pertinent  to  this  paper..  Stress-corrosion  data  are  given  for  many  of  th<;  alloys  listed, 
but  some  are  used  only  to  illustrate  microstructural  features  and  surface  appearances.. 

Table  1  -  Test  Materials 


Alloy 

Fabrication 

Method 

Size 

inches 

6061-T652 

Forging 

9  x  24  x  24 

6061-T652 

Forging 

6  x  12  x  24 

2024-T352 

Forging 

6  x  12  x  24 

2024-T852 

Forging 

6  x  12  x  24 

7075- T7352 

Forging 

6  x  12  x  24 

2014-T6 

Forging 

8  x  16  x  19 

7039-T64 

Plate 

3  thick 

7079-T6 

Plate 

3  thick 

7002 -T6 

Plate 

2  1/2  thick 

X7106-T63 

Plate 

3  thick 

METHOD  OF  TiST 

Precracked  specimens  of  the  forged  materials  were  taken  in  the  short  transverse  orientation.. 
Specimens  from  alloys  received  as  plate  were  taken  in  the  short  transverse,  long  transverse,  and  longi¬ 
tudinal  directions  in  order  to  illustrate  orientation  effects  on  stress-corrosion  behavior.  Specimens 
were  loaded  by  deadweight  as  cantilever  beams  with  the  cracked  region  enclosed  in  natural  sea  water  in 
a  plastic  container.. 

Conventional  stress-corrosion  tests  were  also  conducted  by  using  smooth  specimens.  They 
were  loaded  in  natural  sea  water  to  different  stress  levels  as  bent  beams  by  restricting  their  ends  in 
fixtures.  Here  again,  the  forged  alloys  were  considered  as  short  transverse  specimens  only,  and  all 
orientations  were  studied  in  alloys  received  as  plate. 

Specimen  lengths  varied  due  to  constraints  imposed  by  as  received  material  thicknesses..  The 
data  on  smooth  bent  beams  were  analyzed  in  terms  of  load  stress  versus  time  to  failure  by  conventional 
practice,  whereas  data  on  the  precracked  specimens  were  reduced  to  initial  stress  intensity  versus  time 
to  failure  according  to  Brown. 

RESULTS  AND  DISCUSSION 

Influence  of  Anisotropy 

Specimen  orientation  has  been  observed  to  influence  stress-corrosion  behavior  of  wrought 
aluminum  alloys.  Data  from  plate  material  7079-T6  will  be  used  to  illustrate  stress-corrosion  response 
as  a  function  of  orientation  because  the  effect  is  more  pronounced  in  rolled  products.. 

Specimens  can  be  taken  in  three  directions;  in  the  case  of  precracked  specimens,  they  can  be 
notched  in  two  ways,  as  thown  in  figure  2.:  It  can  bn  seen  in  figure  3  that  the  three  orientations  yield 
different  results  when  stressed  a.  ooth  specimens  are  exposed  to  sea  water.  Failure  occurs  much 
earlier  in  short  transverse  specimens  than  in  either  the  longitudinal  or  long  transverse  samples. 
Analogous  results  are  observed  for  specimens  exposed  as  precracked  cantilevers  as  illustrated  in 
figure  4.  Here  again,  the  short  transverse  specimers  are  the  least  resistant  to  stress-corrosion 
failure.. 


Figure  2 

Direction  of  Specimens 


Notes ; 

Q  -  Short  Transverse  -  Specimen  thickness  parallel  to 
long-transverse  plate  direction  (corresponding  to 
TW  direction) . 

O  -  Short  Transverse  -  Specimen  thickness  parallel  to 
longitudinal  plate  direction  (TP  direction). 

■  -  Long  Transverse  (width  direction). 

□  -  Longitudinal  (rolling  direction) 


Figure  3 

Results  of  Direction;.!  SCC  Cracking 
Tests  of  7079-T6  Smooth  Strips  in  Tending 


Figure  4 

3CC  Teat  Reaulta  of  7079-T6  Precracked  Specimens 


Typical  microatructural  directionality  effecta  in  high-strength  aluminum  alloys  are  illustrated 
by  the  composite  photomicrograph  shown  in  figure  5..  Here  it  can  be  seen  that  the  short  transverse 
orientation  ia  the  moat  critical  in  terms  of  stress-corrosion  susceptibility..  Specimens  taken  in  the 
short  transverae  direction  (TR  and  TW)  possess  longer  and  more  continuous  corrosion-sensitive  grain 
boundary  paths  than  specimens  taken  in  either  the  longitudinal  or  long  transverae  direction.. 


Figure  5 

Microstructural  Directionality  Effects  in 
High-Strength  Aluminum  Alloys  (Kellers  Etch  -  100X) 


That  str«  as-coTosion  crack  propagation  is  directionally  sensitive  can  be  seen  in  figures  6  and  7. 
Stresq-corroai'n  attack  in  smooth  specimens  is  shov/n  in  figure  6.  Deterioration  of  a  short  transverse 
specimen  ia  compared  tc  tlia*  of  one  taken  in  the  longitudinal  direction.  For  the  short  transverse  spec¬ 
imen,  where  the  intergranular  grain  boundary  corrosion  path  is  perpendicular  to  the  specimen  tension 
surface,  stress-corrosion  attack  is  able  to  progress  rapidly  through  the  specimen  thickness.  In  the 
longitudinal  specimen,  on  the  other  hand,  a  susceptible,  continuous  grt  in-boundary  path  is  oriented 
parallel  to  the  specimen  tensio.i  surface.  Instead  of  progressing  normal  to  the  tension  surface,  corro¬ 
sion  attack  will  now  proceed  parallel  to  it  along  the  intergranular  corrosion  sensitive  path 
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Figure  7  show*  stress-corrosion  failure  in  a  precracked  cantilever  specimen  of  the  RT  type..  Although 
the  specimen  was  fatigue  precracked,  corrosion  penetration  followed  the  corrosion-sensitive,  laminated 
grain-boundary  paths  perpendicular  to  the  fatigue  crack.  This  behavior  is  even  more  dramatically 
illustrated  in  the  microeection  shown  in  figure  8.  Here,  fatigue  crack  blunting  by  corrosion  along  sen¬ 
sitive  grain  boundaries  provides  a  pseudostrengthening  process.  The  short  transverse  and  longitudinal 
specimens  represent  the  two  extremes  in  stress-corrosion  response.  Intermediate  are  the  long  trans¬ 
verse  specimens.  These  results  suggest  that  testa  in  the  short  transverse  direction  are  essential  in 
ascertaining  stress-corrosion  behavior  of  high-strength  aluminum  in  either  the  smooth  or  precracked 
specimen. 


Based  on  results  of  directionality  studies,  short  transverse  specimens  were  used  in  subsequent 
stress-corrosion  exposures  of  a  number  of  high-strength  alloys,  listed  in  table  1,  in  the  form  of  hand 
forgings..  Bent-beam  and  cantilever  stress-corrosion  test  results  are  presented  in  figures  9  and  10. 


Figure  9  -  Properties  of  Aluminum  Alloy  Forgings 
in  Short  Transverse  Orientation 


r. 
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Figure  10 

Results  of  Bent-Beam  Stress-Corrosion  Tests 
Short  Transverse  Orientation  (Forgings) 


Comparison  of  the  data  in  these  figures  indicates  that  the  two  methods  yield  inconsistent 
results..  As  shown  in  figure  9,  all  of  the  alloy?  tested  as  precracled  cantilever  specimens  exhibited 
Kiscc  values  that  are  close  to  the  Kjc  air  valves  This  might  be  considered  to  indicate  that  the  alloys 
are,  at  most,  only  mildly  susceptible  to  strat  s- corrosion  c racking.  The  smooth  data  illustrated  in 
figure  10,  on  the  other  hand,  show  that  all  of  the  2000-series  specimens  exposed  as  bent  beams  failed 
after  about  100  days,  regardless  of  applied  itress,.  Only  one  specie-, en  of  all  the  6000-  and  7000>series 
failed  in  the  same  time  frame.  This  7075  -T7352  specimen,  loaded  to  80%  of  the  0.  2%  yield  strength, 
failed  due  to  excessive  pitting  and  not  stress-corrosion  cracking.  The  variation  in  behavior  observe  i 
in  the  two  test  methods  can  be  dramatically  illustrated  by  specifically  comparing  the  data  for  6061- 
T652  and  2024-T352.,  In  the  precracked  test,  the  two  alloys  rank  numbers  1  and  2  among  thegroup 
tested,  and  the  Kj8CC  values  are  not  too  different:  26  ksi  /in.  for  6061-T652  versus  21  ksi  /in.  for 
2024-T352.  In  contrast,  when  the  smooth  specimen  data  are  examined  critically,  it  can  be  seen  that 
the  2024-T352  is  highly  susceptible  to  stress-corrosion  cracking  and  6061-T652  is  very  resistant. 
There  is  a  wide  variation  in  pitting  characteiistics  among  aluminum  alloys  as  evidenced  by  figures  11 


Figure  1 1  -  Pitting  Attack  on 
General  Corrosion  Specimens  (Approximately  3X) 


2024-T3  57. 
(167-Day  Exj  osure) 


2024-T852 
(142-Day  Exposure) 


f 

r 


(80-Day  Exposure) 


Figure  12 

Pitting  Attack  on  General  Corrosion  Specimens 
(Approximately  3X) 


\ 
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In  the  2024-T352  and  other  2000-series  alloys,  pitting  attack  occurs  rapidly  with  deep  penetration.  In 
these  alloys  the  initiation  phase,  of  stress-corrosion  cracking  becomes  a  significant  part  of  the  overall 
process.  The  6061-T652  alloy  ethibits  greater  resistance  to  pitting.  The  absence  of  the  pit  producing 
stress  raiser  might  contnoute  to  the  superior  behavior  of  this  alloy  in  bent-beam  exposures.. 

Another  inconsistency ,  apparent  by  looking  at  figures  9  and  10,  relates  to  the  behavior  of 
2024-T352  and  2024- T852.  The  2024-T352  temper  is  superior  in  the  precracked  cantilever  test  but 
inferior  when  tested  as  long  time  exposures  ot  bent  beams.  Lowering  of  the  Kjscr  value  appears  to 
correspond  to  lower  ductility  and  fracture  toughness  (Kic  value)  of  the  2024-T85?  condition. 

The  implication  of  these  results  is  that  we  should  not  rely  entirely  on  the  precracked  cantilever 
test  for  evaluating  the  sea-water  stress-corrosion  characteristics  of  high-strength  aluminum  alloys. 

Both  techniques  provide  useful  information.  The  precracked  cantilever  test  offers  the  opportunity  to 
focus  attention  on  the  propagation  stage  of  stress-corrosion  cracking.  Information  of  this  type  is 
obviously  valuable  for  the  analysis  of  cases  where  stress -co* i osion  ciacking  may  propagate  from  a 
preexisting  stress  concentration  such  as  a  wild  defect  or  a  mechanical  notch.,  When  stress  raisers  are 
formed  by  environmental  pitting,  precracked  cantilever  tests  are  again  useful  becau>e  they  provide  the 
opportunity  to  separate  the  initiation  and  propagation  phases  for  analysis  purposes.  Bent-beam  expo¬ 
sures  shed  light  on  pitting  characteristics  as  a  part  of  stress-corrosion  behavior.  This  is  a  particularly 
important  consideration  in  the  case  of  aluminum  alloys  because  of  their  wide  variation  in  pitting  behavior., 
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The  result*  presented  suggest  that  both  the  precracked  cantilever  test  and  the  classical,  long¬ 
term,  bent-beam  exposure  provide  important  data.  These  testing  techniques  should  therefore  be  used 
together  as  complementary  methods  when  selecting  high-strength  aluminum  alloys  for  sea-water 
applications 
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SUMMARY 


Stress  corrosion  evaluations  of  thick  sections  of  aluminum  alloy  products  are 
markedly  influenced  by  the  sampling  procedure,  especially  the  orientation  of  the  test 
specimen  to  the  grain  structure .  The  work  reported  by  Mr.  Danek  shot's  that  the  method 
of  testing  with  precracked  specimens  may  be  affected  just  as  much,  or  more,  than 
traditional  smooth  specimen  methods.  On  the  basis  of  estimated  threshold  stress 
lntenrlties  (KisC0)  obtained  with  precracked  cantilever  beam  specimens,  Mr.  Danek 
reported  rankings  of  alloys  that  are  unrealistic  compared  to  service  experience  and  to 
estimated  threshold  stresses  obtained  from  tests  of  smooth  beam  specimens  On  the  other 
hand,  tests  of  the  same  alloys  at  Alcoa  Research  Laboratories  with  bolt-loaded  precracked 
double  cantilever  beam  specimens  ranked  the  alloys  in  good  agreement  with  rankings 
obtained  with  tests  of  smooth  tensile  specimens. 
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DISC03SI0H  OF  PAPER,  "mPLUEE'S  OF  TEST  METHOD 
OR  3TKESS-CORROSIOH  BEHAVIOR  OF 
AUMOTW  ALLOYS  IN  SEAWATHl"  BY  GEORGE  J.  DANES 

Donald  0.  Sprowls 
J.  6.  Kaufman 


These  Investigations  conducted  at  the  Naval  Ship  Research  &  Development 
Laboratory  provide  a  tinely  comparison  of  two  quite  different  methods  of  performing 
stress-corrosion  cracking  (SCO)  tests  on  a  group  of  aluminum  alloys  that  have  established 
a  vide  range  of  stress  corrosion  resistance  in  service.  Mr.  Danek  has  presented  Infor¬ 
mation  In  an  area  of  stress  corrosion  testing  that  Is  very  complex  because  of  the 
anisotropy  of  the  materials  studied.  These  remarks,  based  on  our  experience,  will  help 
place  these  findings  In  oersjjectlve. 

Rankings  of  the  aliens  obtained  with  the  two  SCC  test  methods  are  In  poor 
agreement,  as  shown  by  the  recap  of  the  author's  data  In  Table  DL.  With  the  results  of 
the  smooth  specimen  tests,  the  alloys  can  be  classed  In  three  distinct  groups  that  Eire 
consistent  with  service  experience  (1, 2,5,4):  (a)  6061-T652  and  7075-T7552  with  no  SCC 
failures,  (b)  2024-T8.52  falling  at  high  and  medium  stresses,  and  (c)  2024-T352  and 
2014-T6  with  failures  at  high,  medium  and  low  stresses.  However,  with  the  results  of  the 
precracked  specimen  tests  there  was  no  distinct  ranking  of  the  alloys.  Moreover,  the 
apparent  "Kiscc"  value  for  alloy  2024-T552  appeared  similar  to  those  for  6061-T052,  yet 
the  virtual  Immunity  to  SCC  of  M6I-T052  under  service  conditions  is  well  established, 
as  is  also  the  relatively  poor  service  record  of  various  products  of  2024-T5  when 
stressed  in  the  short- transverse  direction.  It  is  equally  unrealistic  that  2024-T552  and 
2014-T6  should  rank  the  same  as  7075~T7352.  Actually  all  of  the  "Kiscc"  values  reported 
are  In  the  range  of  80  to  9 5#  of  Kic;  thus,  these  values  appear  to  represent  a  measure 
of  fracture  toughness  more  than  of  resistsuice  to  SCC. 

ttifortunately  a  valid  comparison  of  the  two  test  methods  used  in  this  Investi¬ 
gation  may  have  been  obstructed  by  the  anisotropy  that  Is  characteristic  of  forgings. 

For  exanple,  the  surprisingly  good  ranking  of  alloys  2014-T6  and  2024-T552  In  the  tests 
of  preuracked  specimens  could  be  explained  by  a  curve  In  the  grain  structure  near  the 
tip  of  the  precrack,  with  the  effect  that  the  specimen  was  not  truly  short-transverse. 
Failure  to  orient  test  specimens  so  that  the  applied  load  is  acting  in  a  true  short- 
transverse  direction  relative  to  the  grain  flow  can  markedly  influence  stress  corrosion 
test  results,  as  was  shown  previously  for  a  7075-T6  hand  forging(2).  The  grain  flow  In 
hand  forgings  cannot  bo  predicted  from  the  geometric  shape  of  the  forging.  It  is 
necessary  to  survey  the  mst&l  flow  pattern  by  macroetching  machined  slices  to  determine 
whether  each  of  the  short-transverse  specimens  is  similarly  oriented  to  the  grain 
structure.  The  variability  of  grain  structure  is  less  likely  to  have  affected  the 
performance  of  the  smooth  beam  specimens  because  of  their  relatively  large  stressed  area 
compared  to  the  small  area  stressed  at  the  tip  of  the  crack  in  the  precracked  specimens. 

In  tests  recently  completed  at  the  Alcoa  Research  Laboratories  on  these  same 
alloys  in  the  form  of  rolled  plate  with  a  uniform  directlonEil  grain  structure,  a  much 
better  agreement  was  obtained  between  the  two  stress  corrosion  test  methods (5).  Envi¬ 
ronmental  crack  growth  curves  obtained  wit  1  bolt-loaded  TL  double-cantilever  beams  by 
the  test  pri  cedure  by  ityatt(6)  are  shown  in  Figure  1.  Estimates  of  a  stress  intensity 
factor,  calculated  from  the  length  of  the  crack  at  "arrest",  and  maximum  sustained  SCC 
growth  rates  derived  from  these  curves  are  compared  in  Table  D2  with  estimated 
threshold  stresses  determined  with  short-transverse  smooth  0.125  in.  diameter  x  2  in. 
long  tension  specimens.  On  the  basis  of  the  residual  stress  intensity  factors  (which 
may  be  considered  as  an  estimate  of  KiaC!C),  the  performances  of  the  very  resistant  6061- 
T65I  and  7075-T7552  alloys  Eire  clearly  distinguished  from  performances  of  the  low 
resistance  2014-T651  and  7079* T651  alloys;  however,  the  performances  of  the  20S4-T351 
and  T85I  Items  could  not  be  readily  distinguished  from  each  other  or  from  that  of  the 
7075-T7351  plate.  Part  of  this  problem  stems  from  the  difficulty  in  establishing  the 
arrest,  as  may  be  noted  especially  in  the  curve  for  2024-T351*  Comparison  of  the 
maximum  stress  corrosion  crack  propagation  rates  helps  to  bring  the  precracked  specimen 
data  In  line  with  the  smooth  specimen  data  for  the  2024-T351  and  T85I  items. 

In  alloy  development  work,  two  criteria  csin  be  used  with  the  precrack^d 
specimen  test  method;  one  is  an  increase  in  the  threshold  stress  intensity  for  SCC 
(Ktjco);  the  other  is  a  decrease  in  the  stress  corrosion  crack  propagation  rate.  It  is 
evident  from  Figure  1  that  the  SCC  growth  rate  of  2024-T351  has  been  greatly  reduced  by 
artificial  aging  plate  to  the  T&5-"!  temper  even  though  the  improvement  in  the  estimated 
threshold  stress  intensities  was  snail.  We  believe  that  in  stress  corrosion  testing 
aluminum  alloys  with  precracked  specimens,  consideration  rust  be  given  both  to  the 
threshold  stress  intensity  and  SCC  propagation  rate.  When  this  is  done,  the  ranking  of 
alloys  tested  in  this  manner  probably  will  be  similar  to  the  ranking  of  alloys  tested 
with  smooth  specimens. 

With  both  methods  of  testirg  it  is  of  fundamental  inrportEince  to:  (1)  determine 
possible  variations  in  grain  structure  of  the  products  being  tested  and  position  test 
specimens  accordingly,  and  (2)  make  suitable  allowance  for  artifact  mechanical  effects 
(such  as  creep)  which  are  not,  in  fact,  a  part  of  the  SCC  process.  For  example,  there 
was  considerable  vsiriation  in  the  Ki0  values  for  individual  specimens  of  606I-T652 
tested  by  Chu  and  Wacker,  more  than  enough  to  account  for  the  7  to  9%  reduction  identified 
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with  their  K-Iscc"-  values.  Thus,  there  is  reason  to  believe  that  the  criterion  of 
failure  of  the  006I-T652  and  possibly  the  7075-T7352  specimens  may  not  have  been  related 
to  environmental  crack  growth,  but  rather  to  the  problem  of  interpreting  residual  stress 
intensity  levels  close  to  K^.. 
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nutncinaioN  a  l’hujeb  nt  u  ocraosioM  sous  melon 

IE  CERCADB  AUIAGB9  D'  AUMDQOM  A  HAUTE  RBSISfTAEE 
Vtr 

Robert  DOSES 


RESOW 

Im  travaux  mentlotmAa  dans  catta  publication  portent  sur  la  corrosion  sous  tension  da  2  des  princl- 
paux  alllagea  d' aluminium  utlllaAs  dans  1' Industrie  aAromuitique  frangal sa  :  A-U2GN  et  A-U^SO. 
da  nombreux  essals  systAmatlqums  out  AtA  affectuAs  par  easels  classlqums,  on  flexion  sous  charge  lmposj* 
oonstsnte. 

Dos  processus  lntervensnt  dans  la  corrosion  et  la  corrosion  sous  tension  falsest  la  plus  sew  vent 
sppel  A  des  rAaetlons  Alaetrochlmlquas,  nous  dAcrlvona  quelques  techniques  d'Atuda  par  avthodes  Alactro- 
ohlalques  et  tentons  d'Atahllr  uns  oorrdlation  entre  les  phAncmknaa  observAs  et  les  alcroetructuree  partl- 
oulikraa  des  alllages. 

Dans  le  oas  de  l'A-U20N,  on  pout  avancsr  urve  explication  oonoement  la  smnclbllltA  A  la  corrosion 
lnterorlstalllne  et  le  r61e  de  la  oontralnte  dans  le  oas  de  cat  alllsge  aux  Atatn  sou»~r» venue,  alnal  qua 
Is  dAssnalblllsatlon  lntervensnt  aprAa  un  traltemsnt  thsrmlqua  oorreot. 

Dans  le  oss  de  l'A-U430,  lea  traitementa  tbsrnlquss  ds  revenu  dlalnuant  nerUnent  la  suaoeptlbllltA 
du  matArlau  A  la  corrosion  lnterorlstalllne  alors  quo  la  senelbilltA  k  la  corrosion  sous  tension  deaeura 
laportantej  l'lnfluanoe  da  1'aAratlon  de  la  solution  s  amble  preponderant* . 


1  -  INTRODUCTION 

Ls  corrosion  at  la  oorroaion  sous  tension  das  mAtaux  et  alllages  sont  des  p>  -.icmknea  dont  l'irportan- 
oe  s'est  cons ldArabl  ement  accrue  depuls  uns  vlngtaine  d'annAes  dans  l' Indus trie  sAronautlque  en  raison  da 
la  longAvltA  toujours  plus  grands  qu'on  exlg*  des  apparells  at  des  performances  qul  ne  cessent  de  croltra. 
De  tels  progrAs  dans  les  perfornances  moposent  ds  ls  part  du  oonstruoteur  un  stuo!  constant  d'allAgeawnt 
das  structures,  lmpllquant  1 'utilisation  de  nstArlaux  A  caractArlstlques  AlevAes  aaxquels  on  Impose  un 
taux  de  travail  Important. 

la  oorroaion  sous  tension  est  alnal  devenue  l'une  des  principalea  preoccupations  des  bureaux  d' etudes 
et  des  aAtallurglstes  et  un  noobre  croissant  d'Atudes,  tent  dsns  les  laboratolres  Industrials  qua  de 
recherche,  a  aocompagnA  le  dAveloppement  teohnulogique  d'&lllsges  k  hautea  caractArlstlques. 

Nos  travaux  dans  le  domains  de  la  corrosion  sous  tension  ont  surtout  portA  sur  les  prlnolpaux  al.' le¬ 
ges  d1 aluminium  utillsAs  dans  1'lndustrle  sAronautlque  frangaire,  et  plus  partlcullArement  sur  l'A-U20N 
et  l'A-U4SQ. 

AprAs  avoir  relate  les  resultata  d’Atudes  ayatAmatiques  de  oes  deux  .Ullages,  portent  sur  les  mAtho- 
des  d' essals  et  sur  les  traltaments  thermlques,  nous  dAcrlrona  quelques  travaux  particuliers  ayant  pour 
but  une  mellleure  comprehension  des  prlnclpeux  phenomAnss  lntervensnt. 


2  -  CORROSION  SOUS  TENSION  EE  L'A-U2GN 

L'A-U20N  est  un  alllage  k  durolssement  structural  de  composition  : 


Cu 

vie 

Ni 

Fe 

Si 

Ti 

mm 

DS 

0,9  -  1,4 

DO 

0,1  -  0,25 

0,05  -  0,15 

De  nouhreuses  plAces  de  structure  de  l'avlon  "CONCQREE"  etant  solllcltees  par  des  contra  in  tea  permanentes 
de  traction  de  10  A  20  hb,  11  Importalt  de  connaltre  les  rlsques  encourus  en  corrosion  sous  tension  et  de 
dAtemiiner  les  conditions  de  traltement  optlaales  (variables  selon  le  typ/  de  produit  et  la  game  de 
transformation. ) 

la  comparaison  de  la  tenue  en  C.S.T.  des  divers  produits  en  A-U2GN  a  AtA  essentlellement  effectuAe 
sur  Aprouvettes  cylindrlques  prAlevAes  en  sen a  t ravers  court  les  produits,  et  dont  la  game  de  preparation 
comprend  un  tournage  fin,  un  dAgralssage  k  1'acAtone  et  un  dAcapage  (solution  nltrlque-fluorhydrlque  k 
Abullltlon)  avant  olse  en  essale.  Les  essals  sont  rA&lisAs  en  imerslons-Amerslons  altemAes  (lOmn-SOnm) 
ou  en  ismerslon  continue  en  utlllsant  une  eau  de  mer  artificlelle  (solution  A,  du  rAglement  AIR  0734). Nous 
opArons  en  flexion  sous  charge  constants  de  fagon  k  obtenlr  une  contralnte  deck#  de  la  limits  Alaatlque  k 
0,2*  (  R  0,2  ). 

Dans  le  cas  de  tOles  Ap&lsces  traitAes  industriellement  et  llvries  k  l'Atat  normal led  T  631  (trempe, 
traction  contrfilAe  2 *,  revenu  19V190°C),  une  Atude  statlstlque  portent  car  60  tSles  provensnt  de  coulAes 
et  dates  de  traltements  thermlques  diff<rentes  a  fait  apparaltre  un  certain  noobre  de  produits  dAfectueux 


(Plg.4).Laa  examerj  effactu^a  ont  montry  qua  cea  tfiles  ytaiont  dana  un  diet  aoua-revenu  at  n'avaient  pea 
Elil1lle_5ra*zeTent  r*v*nu  correct.  Er  fonction  de  ces  r<sultato  une  valeur  do  conductivity  >  ao.5  m. 
otsa-ion  a  iit-  returns  coma  crltfero  de  contrCle  raplde  du  traitement  das  t81es  produltes. 

°®a  e3“ai3  Prec«daon)ont  effectuys  an  immeraion  continue  avaioiit  conduits  a  dob  iuptui-oo  plus  ou  moms 
rapldaa.  mtee  pour  doa  tales  da  conductivity  aupyrieure  fc.  la  valeur  limite  cholaie,  mala  1' axeman  d'yohan- 
tlllona  roopus.  la  cooparalson  aveo  das  assets  identlquea  effectuya  an  corrosion  simple,  ont  montr<  qua  la 
cantrair.te  na  Joualt  aucun  r61e  dana  la  phynomfene  si  ca  n'ast  pour  la  rupture  final# .  (  Pig. 5). 

Las  easels  er.  lasers  ion  continue  sont  done  isoina  syiectifa  qua  ceux  effectuya  an  lanaraiona-ymaraiona 

littrTM43  a 


Fig. 5  -  c  S  T  TOLES  EPAI3SES  A-U2GN  DMESION  CONTINUE 


Dans  tous  les  cas  on  dolt  alnultw^* 
n«nt  <.  jnalddr®”  las  ph^nooinaa  a  vac 
*-■'-=  contrainte  afin  da  drftarml- 
nar  la  part  da  chaque  parsoktre  dans 
la  phrfnooina  global. Pour  celk  on 
utilise  une  stfrla  do  relations  d<- 
ooulant  do  la  formula  da  JOHNS  : 


L  -ARt-AR.  xion 

ARr 

A  diminution  da  la  charge 

da  ruptur*  sprks  C.3.T. 

A  diminution  da  la  charge 

da  rupture  aprts  corrosion 

qul  pc  met  da  chlffrer  la  part  da  la 
contralnta  dans  l'essal  da  corrosion 
sous  torsion,  ou  lndlce  da  susceptibi¬ 
lity  k  In  corrosion  sous  tension. 

Un  ua(.e  da  raleurs  obtenuas  est 
fouml  par  1  a  Pig. 6.  1a  contralnta  nr 
Jour  un  rtSla  slgnlficatlf  qua  pour  la 
tble  877 <  (y  .at  .rous-revena)ayant  subl 
das  ruptures  replies  en  C.S.T. 
Enfin.pour  les  produtts  r^vyiks  sen- 
slbles  h  la  corrosion  sous  tension, 
un  crltkre  important  est  la  limite  de 
nor.  rupture,  c'est  it  dire  la  contrain- 
te  en  dessous  de  laquelle  la  corrosion 
sous  tension  ne  se  oanlsfeste  plus. 

La  Pig. 7  fourrvlt  les  resultata  obtenus 
avec  une  t81e  a  l'ytat  scus-revenu, 
lors  de  soillcltatlons  en  flexion  ou 
traction. On  reaarque  quo  ce  derr.ler 
esoal  semble  oeaucoup  plus  s<  vere  quo 
celul  en  flexion  ou  le  small  de  non 
rupture  est  de  20%  de  la  11ml te  t lac  - 
tlque  k  0,7%  alors  qu'll  est  lnfy  - 
rlour  k  10%  pour  l'essal  en  traction. 


fig.  6 
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Fig. 7  -  COUREES-CCNTRADfrES-DUFEES  DE  VIE 
COKPAHAI30H  EES  ESSAIS  EN  FLEXION  E7  TRACTION 


3  —  CORPOS ION  SOUS  TENSION  DE  L'A-U4SG  :  Cot  alliage  de  composition  : 


Cu 

Mg 

Mn 

Si 

Fe 

Zn 

Ti 

Ni 

3.9-5.0 

mm 

m 

mm 

0.25 

0.2 

eat  largener.t  utilisd  dans  1'  Industrie  adronautlque  fran?alse  et  britamique  en  raison  de  ses  trfeo 
bonnes  caract^ristlques  itatlques,  mals  le  problfcme  de  l'dllnination  de  sa  susceptibility  k  la  C.S.T. 
ei.  sera  tr&vers  court  n'a  pas  encore  yty  rdsolu. 

Noua  avons  esser.tiellesnent  y tudiy  lj  cas  des  tPles  dpalsses  aux  4tats  T  6  et  T  651  obtenus  par  des 
revenue  de  \1ShJ  150*0,  l6h/lbO°C  ou  ?.%/  170*0. 
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•  coupes  alcrographiquee  :  Les  iprouvettes  roapues  rapldeaeirt  en  easels  de  CST  en  IEA  et  IC 
(  6  <  7  J  )  prisentent  une  rupture  4  dipart  Intergranulalre  alnsl  que  quelques  'jriquee  se condelres 
lntercrlatalllnes  sur  le  fttt,  fibres  tendues  uniqueaent  (  Fig.  14). 

Four  les  autres  prodults  (non  rupture  en  JO  J.  en  IEA),  la  corrosion  prisente  un  aspect  netteaent 
transcrlstallln  et  seable  sulrre  les  aaas  de  priclpitie  allgnis  par  le  leal nags  (Pig.  15).  Ceux-cl.ldentl 
fids  au  Centre  de  Recherche  du  groups  FBCHDEV  k  Voreppe,  sont  essentlelleaent  du  type  AI9  Fe  N1  alnsl 


0*M 


rVyWtA 


IUI 


Zone  en  traction 


Zone  en  compression 


- XTecT  lrom  ^ 


p.  Coupe  mic  rograpnlque  sur  iprouvettes  de  C  S  T 

g>  T81e  8773  (  Rupture  en  C  S  T  ) 


t  i 


'c^ ' 


3*5 


'i 


Cliche  n  13.120  G  -  II 


Cliche  n  13.122  x  200 


Echantillon  non  sensible  &  la  CST  -  Corrosion  transcristalline 
s’  5  semblant  suivre  pr^ferer.s  lellemem,  les  aiignements  de  prdcipitds. 


M 


Clichd  n"  11.695  0  »  200 

T31e  8773  A  -  sour  revenu 


Ijchd  n°  11.708  0  -  200 

T81e  6412  -  revenu  correct 


Fig.  16 


Test  de  corrosion  in-  'rcrlsttlline 


-  enfin  des  tests  de  corrosion  effectues  &  l'aide  d'un  rdactif  NeCl  +  Hg  0?  pendant  6h  A  35°C  montrent 
que  seul  l'alliage  sous  revenu  est  surtout  sensible  A  la  corrosion  in ..ercrlst'lllne  (Fig.  1j). 


L'examen  en  microscopic  Electron! que 
(  cf.  fig.  17  )  do  lames  minces 
pr^lev^es  dans  les  deux  types  de  mat^riaux 
rA-41e  des  dislocations  dans  les  deux  cas  ; 
toutefois  : 

-  pour  les  Ate  is  senslbles,  la  density 
de  dislocation  est  trfcs  importante  et 

l' orientation  marquee.  Pour  les  Atats 
dAsensibli isAs,  la  de  iiitA  est  moindre  et 
1' orientation  c.lAatolre.  La  precipitation 
aux  ,'ioints  de  grains  ne  serable  pas 
diffArente  entre  les  deux  Atath. 

-  la  precipitation  de  phase  durcis- 
sante  d'A^  Cu  Mg  n'est  observable  dans 
la  matrice  que  pour  les  t files  non 
susceptibles  A  la  corrosion  sous  tension. 


■  %,  %  w, 

//  \  X  \  ■ 

,  nv.  A*  ' 


Cliche  n’"  8773  A  G  =  20  000 


/<$>  <j4V 

/\P  <5y 

rP  p'/ 


N  v  \ 

;  ^  , '  .x.i» 


'll  die  n"  2»9  G 


G  =  l‘>  .000 


^  Mierojrapnles  6lecu  orlqueu  Aspect  dec 

Uslvaatio.iS  et  de  la  prA' imitation 


Pow  t«Ur  d’aspllquer  1m  mioinlaaue  da  oorroalon  dc  1’A-uaON  mux  etats  sous -re verm  at  T  fel.nous 
pb^a^^a^Tl 1*-^^*,  °l-da»*oua  laa  prinolpales  dongas  pour  cheque  dtat  i  nature  daa  principals 
]£EJZfZ*titx,U}  mt  ProP°rtlwi°  approrlaatlYM  an  function  da  l'dtat  atruotural,  d'aprfce 
laa  observations  affaotudaa  an  aiorosoople  optlque  at  eieotronlqua. 

I  ~  REPARTITION  DES  PHASES  DANS  L’A-t’2GN 


Elat  sous  revenu 


Priucipalcs  phases 


Sol.  Sol.  d  2,5%  CU 


Etat  T  -  C51 


Principalcs 

phases 


Potenttol 


Sol.  Sol.  apjuuvric  on  Ca  /o DO"  I  -  700mV 


Zone  appauvrie  autjoinld 
(ie  grains,  cn  raison  tie  ^ ,jL..  ^ r 

la  precipitation  pr^ffrer  “  *"  ' 

ticlle  tie  Al,  Cu  Ms  a  "°° 


Disjoruc  ou  "estompee" 


Procipitcs  tie  AI^Cu  Ms 

aux  joints  tic  s rains  n  l  % 


>i9  Fe  N'l 


Ant  res  phases  non 
co.B>ti£  rees 


Precipitation  general  isu 
de  AU  On  Mg 
dans  toot  l'allia^e 


AIb  Ke  Ni 


Joint  dime 
appauvrie  cn  Cu 

.  ,  \ 

.  AljCuMg 

■>  Mitricc 

torn  soli 


Alj  Fe  Ni 


AIg  Cu3  Ni 


laa  courbas  de  polarisation  de  cas  etats  ont  M  etablles  en  solution  h  NaCl  at  nous  avons 

consldJre  qua  la  courbe  aapdriDantale  da  I'alllage  eat  en  rdallttf  la  resultants  das  courbes  de  reactions 
das  prlnclpalas  phasas  dans  la  nllleu  cholsl.  Pour  catte  exploitation  novs  avons  utilise  lee  valeurs  expe- 
rlaentales  obtenuea  par  3J.  Ketchaa  lore  de  1' etude  d’alllages  Al-Cu-Mg,  sur  das  phases  fabrlquees  en 
Laboratolre  (FDD  et  courbes  de  polarisation  de  Al2  Cu  Mg,  AI2  CM,  sol-sol,  A1  pur),  en  tenant  coopts  dans 
notre  interpretation  des  proportions  de  ces  phases  (approxlaatlves)  dans  les  etats  qua  nous  considerona. 
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Etat  sous-revenu 
(Fig.n°20) 

- 1 

Etat  1  651  J 

(Fig. 21)  | 

« 

Anode  :  Sol. Sol  (5)  - 

*  Anode  :  Sol. sol  (3) 

s 

Cathode  :  Ala  Fe  Ni  (2 1 ) 

courant  de  corrosion  m  2  yu  A/ cm2 

Cathode  :  Ala  ;  Fe  Ni  (2' ) 

consequence  :  attaque  de  la  Sol-sol 

conskauence  :  attaque  de  la  Sol-sol 

autour  de  oes  pr^clpit^s 

autour  de  ce3  pr^cipites  avec  courant  de 
corrosion  plus  important 

* 

Anode  :  Alo  Cu  Mg  (3) 

x  Anode  :  Al?  Cu  Mg  ( 3) 

Cathodes:  Ala  Fe  Ni  (2' ) -Sol-sol . (5' ) 

Cathodes: Ala  Fe  Ni  (2')et  Sol-sol  (5’) 

Joint  de  grain  (•'*') 

attaque  Alg  Cu  Mg  (  rsj  30^  A/ cm2 )  | 

reaction  prkponderante :  attaque  AlgCuMg 

piqQres  fines  I 

aux  Joints  avec  faible  courant  de 

1 

corrosion 

1 

'  * 

Anode  :  Joint  de  grain  (4) 

Cathodes:  AlnFe  Ni  (2 ' )-Sol-sol. (51 ) 
reaction  prepondkrante:  attaque  ou 
joint  en  presence  Sol-sol.  ==£> 
corrosion  intercristnlline  (<v5^*A/cra2) 

1 

— 

Ainsl  on  constate  que  l'attaque  du  Joint  de  grain  n'lntervient  que  pour  un  ^tat  trempd  mature  ou 
sous-revenu,  pcur  lequel  la  precipitation  AI2  Cu  Mg  ne  s'est  effectu^e  que  dans  les  zones  les  plus  per- 
turbkes  (Joints  de  grains),  errant  alnsi  un  appurvrissement  local  en  Cu. 

Dans  le  cas  de  l'A-U2GN  T  651,  la  phase  durciss^nte  d'Alg  Cu  Mg  a  prkclpite  finement  dans  tout  le 
volume  des  grains;  les  potentiels  du  Joint  et  de  la  na trice  tendent  alors  vers  une  valeur  commune  et  les 
effets  de  pile  pr6pond<rants  sont  entre  matrice  et  pr£cit£s  cathodiques,  matrice  et  pr^cipitds  Aig  Cu  Mg. 

Enfin,  pour  essayer  de  mettre  en  Evidence  l1 influence  de  la  contrainte,  nous  avons  me surd  slmultan4- 
mer.t  Involution  du  PDD  d'dprouvettes  sous  contrainte  et  sans  contrainte  (Fig.  22).  Nous  avons  seulemenent 
observe  que  dans  le  cas  de  l'alllage  sensible,  le  PDD  se  ddcale  vers  des  potentiels  plus  anodlques  (envi¬ 
ron  20  mv)  au  cours  d'une  pkriode  de  2  k  lOh  aprfes  immersion,  correspondent  k  l'apparition  des  premieres 
criques.  Ensuite,  le  potentlel  se  stabilise  et  ne  varle  pas  de  fa?on  sigriificatlve  Jusqu'k  rupture,  in¬ 
ter  venant  en  48h. 

On  peut  penser  que  l'effet  de  la  contrainte  serait  de  d<5placer  les  dislocations  presentes  dans  les 
^chantillons  susceptibles  et  de  cr^er  des  empilements  sur  les  Joints  de  grains  augmentant  alnsi  les  con- 
traintes  locales  et  la  difference  de  pot.entiel  entre  joints  de  grains  et  matrice,  d'ou  la  Vitesse  de  dis¬ 
solution  anodlque  (thkorle  de  HOLL) . 

4.2  -  Etude  de  l'A-U4SG  :  Les  eourbes  de  polarisation  trackes  en  solution  NaCl  3 %  avec  agitation  et  barbo¬ 
tage  d'oxygkne  ou  d'Argon  mettent  en  Evidence  l'lnfluence  de  l'akratlon  (Fig. 27).  Le  potentlel  de  dissolu¬ 
tion  est  dkplace  vers  des  valeurs  negatives  et  le  courant  de  corrosion  est  fortement  diminue  par  dksa£ration 

En  solution  a£r£e,  on  a  successivement  les  reactions  : 

-  1/2  02  +  Hg  0  +  2  5  - -  2  OH  "  (1)  reduction  de  Og 

-  Diffusion  de  Og  (2) 

-  H+  +  e” —  1/2  H2  (3)  dkgagement  de  !i> 

En  solution,  bien 

a^ree.la  reaction  de  induction  de 
l'oxygkne  conaitlonne  sans  doute  le 
ph^nomene;  pour  une  solution  molns 
a^rce,  la  reaction  de  diffusion 
devient  pr^dominante,  le  courant 
de  corrosion  diminue  et  le  potentlel 
devient  plus  nkgatlf. 

En  solution  prlvke  d'oxygkne  , 
la  reaction  de  1 'hydrogene  peut 
seule  lulorvenlr,  le  courant  de 
corrosion  diminue  encore  et  le 
potential  est  dkplack  vers  des 
valeurs  plus  negatives, 

La  schkma  ci-contre  illustre 
ces  processus 

Air.si,  en  solution  d4sa4r^e, 
le  courant  de  corrosion  est  trfes 
lnfkrieur  k  celui  obtenu  en  solu¬ 
tion  oxygknke;  de  plus,  lors  d'un 
pi-ocessus  de  corrosion,  les  zones 
difficile  .<ent  akidss  (piqflres, 
criques)  fonctlonnerout  en  anodes 
par  rapport  aux  zones  akrkes 
(surface ) . 


Dissolution  anodique 
( Al— A !  +  3  <?') 


Influence  de  la  contralnte  :  celle-ci  ne  se  manlfestant  de  fa$on  sensible  qu'en  IEA  ou  solution 
avec  02,  nous  pensons  que  la  contralnte  a  une  Influence  sur  la  reaction  de  d<charge  de  1  'Og  (1)  en  dimi- 
nuant  l'lnergie  nlcessaire  l  cette  reaction. 

Si  cette  hypothkse  s'avkre  exacte,  la  contralnte  devrait  n'influencer  que  la  courbe  de  polarisation 
cathodique  en  milieu  alrl. 

D'autre  part,  la  CST  devrait  3tre  acclllrle  en  milieu  llgfereoent  acldlfll  (dlplaceoent  de  la  reac¬ 
tion  (1)  vers  les  potentials  posltlfs). 

Nous  devrons  verifier  ces  hypotheses  par  trace  de  courbes  de  polarisation  d'eprouvettes  avec  et 
sans  contralnte. 

5  -  CONCLUSION 

Les  essais  de  corrosion  sous  tension  tels  que  nous  les  avons  eouramnent  pratique s  en  flexion  k  char¬ 
ge  imposle  constante  sont  sujets  k  critique: 

-  solllcitatlon  &  la  contralnte  maxim&le  d'une  seule  fibre  de  l'echantillon. 

-  difference  entre  la  contralnte  calcuiee  et  celle  rdelleraent  appliquee  en  raison  de  la  flexion  de 
l'echantillon  entrainant  une  -edification  du  bras  de  levier. 

-  la  formula  utilisle  pour  determiner  le  facteur  de  susceptibilite  k  la  corrosion  sous  tension  fait 
intervenir  une  valeur  Rrr  qui  est,  soit  connue  en  traction  lorsque  les  dprouvettes  ne  sont  pas  rompues  en 
essai,  soit  en  flexion  (contralnte  nominale  applique*)  pour  les  dprouvettes  rompues  lors  de  l'essal  de 
C.S.T.  Les  indices  de  susceptibilite  k  la  corrosion  sous  tension  que  nous  calculons  ne  doivent  done  8tre 
considers  que  coome  des  ordres  de  grandeur. 

Ces  restrictions  etant  faites  or  peut  cependant  admettre  que  ce  type  d'essai  constitue  une  methode 
d'exploration  valable  permettant  des  etudes  systematiques  des  materiaux  et  de  leurs  traltements,  k  l'aide 
d'un  apparelllage  relativement  peu  coQteux  .  Pour  la  determination  du  seuil  de  contralnte  admissible  en 
corrosion  sous  tension,  il  est  sans  doute  preferable  de  choisir  un  essai  en  traction  k  charge  imposee 
constante. 

Des  essais  effectues  sur  l'A-U2GN,  il  ressort  qua  oet  alliage  n'est  sensible  k  la  corrosion  inter- 
cristalllne  et  k  la  corrosion  sous  tension  que  lorsqu6  le  revenu  est  insuffisant;  dans  ce  oas  la  contraln¬ 
te  Joue  un  r31e  important  dans  le  phenomkne  puisqu'elle  intervient  pour  environ  75)6  dans  la  perte  totale 
des  caracteristique'-  ^ccanlques  de  l'alliage  en  corrosion  sous  tension.  Ainsi,  si  l'on  ne  peut  k  propre- 
ment  parler,  qualifier  ce  phdnomkne  de  "  fissuration  en  corrosion  sous  tension  "  -  qui  semble  reserve  au 
cas  or  les  Jaiates  ne  montrent  auoune  susceptibility  k  la  corrosion  intercristalline  en  l'absence  d'une 
contr'’..te  niC„aruque  -  on  se  trouve  nlanmotna  en  presence  d'un  phlnomkne  nettement  aocdllrl  par  la  con- 
trainte . 

L'A-U25N  est  rendu  totalement  insensible  k  la  corrosion  sous  tension  par  un  revenu  qui  lui  confkre 
simultanlment  des  caractlristlques  optiaales;  il  peut  done  fctre  utilise  avec  un  maximum  de  slcurltl  pour 
des  pieces  do  structure  soumlses  k  des  contralnte i  permanentes,  metoe  en  sens  travers  court. 

Blen  que  sa  sensibility  k  la  corrosion  intercristalline  soit  falble  apres  revenu,  l'alliage  A-U4SG 
reste  trks  susceptible  k  1&  corrosion  sous  tension  en  sens  TC  en  milieu  akrl,  quel  que  soit  le  traitement 
tharmique  essays.  Des  precautions  doivent  done  8tre  prises  quant  k  son  utilisation  sur  apparells;  on  doit 
cn  particuller  e vlter  ou  limiter  les  contralntes  permanentes  en  travers  court. 

Enfin  la  consideration  des  microstructures  des  edllages,  1' exploitation  des  courbes  de  polarisation, 
nous  ont  permis  de  mettre  en  evidence  cortaines  des  reactions  importantes  intervenant  dans  les  processus 
de  corrosion  et  CST  et  de  mleux  comprendre  1' influence  des  quelques  paramktres  lids  k  l'alliage  ou  au 
milieu  d'essai. 
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RESULTS  OF  COMPARATIVE  STRESS-CORROSION  TESTS  ON  AIZnMgCu-ALLOYS 
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SUMMARY 


In  ord-*  ■'  to  evaluate  and  to  compare  the  stress-corrosion  behaviour 
of  more  complicated  structural  parts,  for  example  die-forgings  from 
the  two  different  alloys  7°79-T6  and  AZ  7^.61,  various  types  of  spe¬ 
cimens  were  taken  from  critical  locations  on  the  forging.  These  cri¬ 
tical  locations  are  the  area  around  the  jack-point  hole,  the  main 
parting  plane  and  the  area  of  the  first  two  rows  of  bolt-holes.  C- 
rings,  precracked  DCB-specimens  or  smooth  tension  specimens  respec¬ 
tively  were  examined,  using  a  standard  3.5  $-NaCl  alte’-nate-immer- 
sion  test.  The  test-specimens  were  periodically  inspected  in  order 
to  find  out  the  time  to  failure  (tension  specimens),  the  time  to  the 
first  crack  or  to  complete  fracture  (C-rings)  and  the  crack-length 
as  a  function  of  time  as  well  as  the  threshold-value  of  (DCB- 

specimens ) . 

After  approximately  five  months  of  testing  each  type  of  specimen  gi¬ 
ve  specific  results  concerning  the  stress-corrosion  behaviour.  In  this 
way  it  seems  t'  be  possible  to  get  an  almost  complete  information  about 
susceptibility  to  stress-corrosion  of  a  typical  forging.  In  all  three 
cases  mentioned  above  the  results  show  that  forgings  from  the  alloy 
AZ  7^.61  are  superior  to  those  of  7<>79-T6. 
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RESULTS  OF  COMPARATIVE  STRESS-CORROSION  TESTS  ON  AlZnMgCu- ALLOYS 
USING  DIFFERENT  TYPES  OF  SPECIMENS 

Werner  Lehmann 


1 .  Introduction 


The  majority  of  the  published  results  in  the  area  of  stress-corrosion  cracking  have 
been  concerned  with  a  discussion  of  more  or  less  well  defined  material  properties.  The 
tests  were  generally  conducted  with  idealized  specimens  taken  from  plates,  sheets  and 
rods.  Additionally  only  one  test  method  was  used  in  most  cases.  The  latest  research  re¬ 
sults,  for  example  titanium  alloyf. ,  have  shown,  that  it  is  not  completely  posr ible  to 
describe  the  stress-corrosion  behaviour  in  this  way.  In  order  to  evaluate  the  stress- 
corrosion  behaviour  of  more  complicated  structural  parts,  for  example  forgings,  the 
above  methods  are  in  our  opinion  insufficient.  This  is  due  to  the  fact,  that  the  speci¬ 
fic  characteristics  of  structural  parts,  for  example  non-homogeneous  grain-structure  and 
more  or  less  high  internal  stresses,  can  not  be  taken  into  consideraticn.  On  t're  other 
hand  the  testing  of  actual  structural  components,  because  of  their  complexity  and  the 
extend  of  the  testing  procedure,  is  normally  not  possible.  It  is  therefore  a  reasonable 
method  to  test  samples  taken  from  critical  locations  on  the  structural  part.  Since  it  is 
expected  that  generally  fatigue  cracking  is  present  in  most  structural  elements,  we  are 
of  the  opinion  that  for  a  complete  evaluation  it  is  necessary  to  test  precracked  as  well 
as  smooth  specimens.  The  crack-growth  rate  properties  will  be  a  valuable  addition  to  the 
smooth  opecimen  threshold-data  in  determining  the  maintenance  inspection  intervalls. 

At  IABG  the  tests  being  conducted  have  the  specific  goal  of  comparing  the  stress- 
corrosion  behaviour  of  die-forgings  from  two  different  AIZnMgCu-alloys . 

2.  Test  set-up  and  execution 

2.1  Test  material 


Available  for  the  test  were  fittings  (die-forgings)  from  the  two  AIZnMgCu-alloys 
7o79-Tb  and  AZ  74.61. 

The  following  fabrication  >lan  was  used  by  the  manufacturer: 

forging  -  heat  treatment  -  mechanical  finishing 

This  information  is  very  important  because  the  sequence  of  fabrication  steps  has  an  in¬ 
fluence  on  the  presence  of  more  or  less  high  internal  stresses. 

The  following  heat  procedures  were  used: 

AlZnMgCu-alloy  7o79-T6 

solution  treatment:  2o  -  6o  min  /  465  C 
water  quenching:  4o  -  6o  C 

artificial  ageing:  12  hr  12o  °C  +  8  hr  17o  °C 

AlZnMgCu-alloy  AZ  74.61 

solution  treatment:  2o  -  6o  min  /  465  C 
water  quenching:  3o  -  5o  C 

artificial  ageing:  24  hr  12o  C  *  6  j  1o  hr  Ho  °C 

The  heat  treatment  of  the  alloys  used  was  somewhat  different  from  the  normal  treatment 
T6  and  served  to  improve  stress-corrosion  behaviour  especially  in  the  case  of  7°79. 

2.2  Sampling  /  type  of  specimens 

Since  inspection  results  have  shown  that  there  are  three  critical  areas  on  the  fit¬ 
ting,  specimens  were  taken  at  the  following  locations: 

a)  in  the  area  around  jack-point  hole  C-ring  specimens 

b)  in  the  main  parting  plane  DCB-specimens 

c)  in  the  area  of  the  first  two  rows 

of  bolt  holes  tension  specimens 

Figure  1  shows  the  type  and  the  location  of  the  various  specimens.  Figure  2  shows  the 
dimensions  of  the  various  test  specimens.  A  total  of  4o  tension  spec^sens,  2o  C-ring 
specimens  and  1o  precracked  DCB-specimens  were  tested. 

2.3  Specimen  preparation  /  loading 

After  mechanical  finish:  g  the  tension  specimens  and  C-rings  were  etched  in  a  solu¬ 
tion  of  nitric  acid,  hydrofluoric  acid  and  distilled  water. 

The  time-to-failure  tests  of  the  tension  specimens  and  C-rings  were  conducted  at,  two 
different  applied  loads: 

a)  at  85  percent  of  yield  stress 

b)  at  25  kp/mm2 

The  loading  of  the  tension  specimens  was  accomplished  with  spring-loaded  stressing  fix¬ 
tures  (see  fig.  3). 
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The  C-rings  were  loaded  with  a  wedge,  so  that  the  desired  stress  was  attaiuoi  on  the 
inside  of  the  ring  opposite  the  wedge  (see  fig.  4).  The  exaot  load  was  measure  ,  with 
**r*^n  gauges.  In  order  to  prevent  damage  of  the  inner  surfaoe  of  the  ring,  the  strain 
«»“«•*  were  attached  to  the  outside  surface.  Tho  point  of  highest  loading  was  in  the 
area  of  the  parting  plane,  that  is  in  the  short -transverse  direction.  Internal  Jtresses 
were  neglected. 

The  DCB—  specimens  were  bolt-loaded  until  a  craclr  of  2-3  mm  vae  introduced. 

For  the  purpose  of  calculating  the  stre»s-iu<c".«# ty-factcr  K_  corresponding  to  eaoh 
crack-length,  the  known  expression  fot  ,  accoi-ilng  to  Hyatt 

Kj  -  wfh  C3h  (a  ♦  0.6  h^ 

4  [(a  ♦  o,6  h)-*  *  h  •  •  •  ] 


was  used. 

The  stress-intensity  at  which  the  c.-ack-growth  ceas-'X  is  denoted  by  K^R_C. 

To  prevent  galvanic  corrosion  the  specimens  were  par-,  tally  seated  of  wax. 

2.4  Stress  corrosion  test  conditions  /  test  specimen  inepection 

A  standard  3.5  56  KaCl  alt-.-iate-imversion  teat  was  performed  (duration  of  immersion 
1o  min,  duration  of  drying  .>0  uUa) .  The  pH-faotor  of  corrosion  medium  was  between  7.8 
and  8.6.  Fig.  5  shows  the  cteoieco  corrosion  test  set-up.  The  use  of  a  3.5  £  NaCl-solu- 
tion  for  long  test  durations  made  it  difficult  to  observe  the  cracks. 

The  test  specimens  wer—  per4 odlcwlly  in»pested  in  order  to  obtain  the  following  infor¬ 
mations 

a)  tension  speefmeos  under  constant  loads  time  to  failure 

b)  C-rings t  tia;*  i r.  the  first  crack,  total  number  of  oracke 
and  time  to  complete  fracture 

c)  pre*  racked  PCB-epecimecu*  s  crack  length  as  a  function  of 
time  and  final  crack  length 

Xn  order  to  more  exactly  record  '--he  crack  growth  in  the  DCB—  specimens ,  at  the  beginning 
of  the  test  inspections  wers  made  over y  uix  beers . 

3,  Results  of  stress-corrosion  testing 

3.1  Tension  specimens  under  constant  load 

After  approximately  5  months  of  tasting  the  following  tims-to-failurs  data  oan  be 
reported  (see  also  fig.  6) t 

a)  Test  specimens  of  7o79-T6  alley  taken  in  the  short-trans¬ 
verse  direction  had  all  failed  between  7  and  13.5  hrs  un¬ 
der  the  load  of  85  it  of  yield  stress  and  between  15  end 
60  hrs  under  the  load  of  25  kp/as^. 

b)  Test  specimens  of  7o79-T6  alloy  taken  in  the  long  direc¬ 
tion  had  all  failed  between  600  and  3 000  hrs  under  a  load 
of  85  it  of  yield  stress  and  between  1 1 5«  and  3800  hrs  un¬ 
der  a  load  of  25  kp/mm2. 

c)  Test  specimens  of  AZ  74.61  alloy  taken  in  short-transverse 
direction  with  two  exceptions  have  not  yet  failed.  Under  a 
load  of  85  it  of  yield  stress  the  first  failure  occursd  af¬ 
ter  2ooo  hrs.  No  failure  has  oceuredin  tbs  specimens  taken 
in  the  long  direction  or  tinder  the  load  of  25  kp/mm2. 

A  comparison  of  the  time  to  failure-data  for  smooth  specimens  of  7o79-T6  end  AZ  7^.61 
leads  to  a  factor  of  one  hundred  and  shows  clearly  the  superiority  of  AZ  74.61, 

Fig.  7  sh iwa  the  fracture  surface  of  a  7<>79“T6  and  a  AZ  74.61  specimen,  both  taken  in 
the  short- transverse  direction.  The  '/o79-T6  specimen  shows  the  typical  slate-like  frao- 
ture  airfare,  characteristic  of  a  brittle  stress-corrosion  failure.  The  AZ  74.61  speci¬ 
men  shrv.9  in  contrast  a  very  rough  and  pitted  fracture  surface,  which  indicates  a  vsry 
slow  attack  of  corrosion. 

3.2  C-rlngs  under  constant  deflection 

The  results  of  the  test  on  tho  C-ring  specimens  are  summarized  in  ths  table  shown 
in  fig.  6, 

After  5  months  of  testing  no  cracking  was  observed  in  the  C— ring-specimens  from  AZ  74.61 
alloy.  In  contrast  all  of  the  ria«s  machined  from  7<>79-t6  alloy  show  cracks  of  varying 
length  (first  colunm“of  ths  table).  Ths  observed  cracks  are  concentrated  on  ths  edge  of 
the  C-ring  with  the  extreme  short-transverse  grain-structure  (designated  as  side  I  In 
the  table).  The  edge  designated  as  elds  II  represents  ths  Inner  area  of  ths  forging  with 
a  equi-axial  grain  structure.  The  next  two  columns  contain  Information  on  the  time  to 
first  crack  and  to  the  complete  fracture. 
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Tig.  9  nhowa  a  specimen  from  7o79-T6-alloy  with  many  branched  cracks  on  the  inner  and 
outer  '  _rface.  The  metal  flow-lines  are  easy  to  see.  fig.  1o  shows  the  intergranular 
cracks,  typical  of  stress-corrosion  cracking  of  high-strength  aluminium  alloys. 

3.3  Precranked  double  cantilever  beam  (DCB)  specimen 

For  each  of  the  ten  tested  DCB-spscimens  following  data  was  calculated: 

a)  the  crack-length  on  side  X  and  side  XI  of  the  specimen  as 
a  function  of  time 

b)  the  stress-intensity  factor  K.,  as  a  function  of  crack-length 

c)  the  crack-growth-rate  da/dt  as  a  function  of  time 

d)  the  crack-growth- rat s  da/dt  as  a  function  of  stress-intensi- 
ty-f actor  ICj. 

In  figures  11  through  14  the  above  data  for  one  specimen  of  7o79-t6  and  AZ  74.61  are 
compared.  Additionally  a  comparison  of  data  from  side  I  and  side  XI  is  shown.  4  compa¬ 
rison  on  the  crack  lengths  in  the  fig.  11  shows  clearly  that  the  curves  for  the  AZ  7**. 61- 
specimen  (on  the  right  of  the  figure)  are  considerably  flatter  then  the  curves  for  7°79- 
T 6.  Additionally  the  start  of  cracking  occurs  much  sooner  in  the  7o79~T6  specimen.  The 
specimen  from  AZ  74.61  shows  an  incubation  time.  Differences  in  the  data  for  side  I  and 
side  XI  are  also  recognizable  (grain-structure!). 

The  differences  in  stress-corrosion-behaviour  of  the  two  materials  are  also  clearly 
shown  in  fig.  12.  The  flatter  curves  for  the  7o79-T6  specimen  (on  the  left  of  the  figu¬ 
re)  indicate  the  higher  crack-growth-rates.  The  curves  end  at  the  stress-intensity  fac¬ 
tors  at  which  the  unstable  cracking  ceases.  This  value  corresponds  to  the  socalled 
Kiscc-valuu-  The  differences  *n  the  ^iscc’"valuea  are  ea8y  to  see* 

Fig.  13  shows  the  crack-growth-rate  data  as  a  function  of  time.  As  in  the  other  figures 
the  differences  in  the  data  for  the  two  alloys  as  well  as  for  the  two  sides  of  each  spe¬ 
cimen  are  discernable.  The  peaks  in  each  curve  represent  a  ncn-uniform  growth-rate. 

Fig.  14  shows  a  log-log  plot  of  the  crack-growth-rate  da/dt  as  a  function  of  the  stress- 
intensity  factors  K-..  As  in  the  previous  plots  the  curves  represent  the  data  for  only 
one  test-specimen  or  each  alloy.  Once  again  a  comparison  of  the  data  for  the  two  alloys 
shows  the  superiority  of  AZ  74.61.  This  superiority  in  stress-corrosion-behaviour  of  the 
alloy  AZ  74.61  is  depicted  not  only  by  the  higher  threshold  value  of  K__  _  but  also  by 
the  lower  maximum  value  of  crack-growth  rate.  In  the  case  where  a  short’transverse  grain- 
structure  is  predominant  (side  I  of  the  specimen),  a  relative  rapid  increase  of  crack- 
growth  rate  can  be  observed  when  the  values  for  k_  increase.  This  also  demonstrates  the 
influence  of  the  varying  grain- structure  within  tne  fitting. 

Since  the  depiction  of  da/dt  =  f  (K  )  allows  for  the  clearest  comparison  of  the  behaviour 
of  the  allova  7o79-T6  and  AZ  74.61,  all  of  the  data  for  the  five  specimens  of  each  alloy 
have  been  plotted  in  the  diagramms  shown  in  fig.  15.  In  the  upper  diagram  the  combined 
data  for  sides  I  and  II  of  the  DCB-specimen  form  two  distinct  bands.  From  this  diagram 

can  be  obtained  the  following  values  for  the  stress-intensity  factor  K  : 

xscc 

for  the  alloy  7o79-T6:  kiscc,v  ^  "t  inch' 
for  the  alloy  AZ  74.61:  Kiscc<V^  ksi  "|/ inch' 

The  single  data  point  for  AZ  74.61  obtained  from  Hyatt  lies  on  the  right-hand  limit  of 
our  band.  The  reason  for  this  may  be  that  Hyatt’s  specimens  was  taken  from  a  plate, 
whereas  our  specimens  were  taken  from  a  die-forging  in  the  area  of  the  parting  plane. 

The  two-step  heat-treatment  of  the  fittings  resulted  in  particular  for  the  7o79-T6  spe¬ 
cimens  in  an  improvement  of  the  stress-corrosion  behaviour.  In  contrast  H1 att  used  a 
normal  T6-heat  treatment  process.  For  this  reason  our  test-results  for  7o79-T6  and  AZ 
74.61  are  grouped  relatively  closer  to  each  other:  When  the  data  are  separated  into  si¬ 
de  I  and  side  II  as  in  the  two  lower  diagramms  the  influence  of  the  varying  grain-struc¬ 
ture  of  the  two  sides  is  recognizable.  This  is  especially  noticable  with  the  7o79-T6 
alloy. 

4.  Conclusions 


It  has  been  shown  that  it  is  possible  to  compare  the  stress-corrosion  behaviour  of 
die-forged  structural  elements  manufactured  from  different  alloys  by  testing  various 
types  of  specimens  taken  from  critical  locations  on  the  forging.  Using  this  method  it 
is  possible  to  obtain  values  for  each  alloy  for  the  time  to  failure  under  constant  load, 
which  is  the  total  time  for  incubation  and  crack-growth;  for  the  time  to  first  crack  un¬ 
der  constant  deflection  and  for  the  crack-g.owth  rate  and  stress  intensity  factor  Klscc- 

The  results  obtained  m  all  three  cases  indicate  the  superiority  of  the  stress-corrosion 
behaviour  of  the  alloy  AZ  74.61, 


Fig.  7:  Typical  fracture  surfaces  for  specimens  of  7°79-T6  and  AZ  7^.61 


Fig.  11:  Crack  length  as  a  function  of  time 


Fig.  12:  Stress-intensity  factor  Kj  as  a  function  of  crack-length 


$ 
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Fig  lii  Crack  growth  rate  for  all  DCB-speoimens  as  a  function  of  stress  intensity  factor 
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SUMMARY 


Stress  corrosion  cracking  tests  on  two  precipitation 
hardening  stainless  steels.  Custom  455  and  Custom  450,  have 
been  used  to  study  the  effects  of  heat  treatment,  product  8ize, 
type  of  test  specimen  and  test  environment.  Smooth  specimens 
(tensile,  bent  beam  and  U-bend)  and  precracked  cantilever  beams 
have  been  tested  In  sodium  chloride  solution,  salt  spray  and  a 
natural  marine  atmosphere. 

The  cracking  resistance  of  Custom  455  Improves 
significantly  as  the  aging  temperature  is  increased  i.e.  as 
the  yield  strength  decreases  and  the  toughness  increases . 
Specimens  cut  from  large  product  sizes  (e.g.  billet)  have 
lower  fracture  toughness  than  smaller  sizes  (e.g.  bar)  and 
this  is  reflected  in  Kiac~  values.  No  normal  failures 
were  obtained  for  Custom  4'jO  with  either  the  smooth  or 
precracked  specimens . 

The  validity  of  Kjaco  88  8  design  criteria  is 
questioned.  Possible  methods  of  predicting  Ktscc  fr°m  Kjc 
and  electrochemical  measurements  related  to  pitting  and/'r 
crevice  corrosion  are  suggested.  The  differences  between 
stress  corrosion  and  cracking  In  galvanic  corrosion  situations 
are  discussed. 
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STRESS  CORROSION  CRACKING  OF  MARTENSITIC  PRECIPITATION 
HA REEKING  STAINLESS  STEELS 

Michael  Henthome 


Martensitic,  precipitation  hardening  stainless  steels  offer  sn  attractive 
combination  of: 

1,  Corrosion  resistance 
2  High  strength 

3 .  Toughness 

4.  Ease  of  fabrication  and  heat  treatment 

Their  corrosion  resistance  eliminates  the  need  for  painting  or  plating  and  their  high 
strength  and  toughness  permit  weight  and  cost  savings.  The  unique  properties  of  this 
family  of  materials  h?a  led  to  the  development  of  several  new  alloys  in  recent  years. 
These  are  finding  increased  use  in  aerospace  and  a  wide  variety  of  other  industries. 

Like  all  martensitic  steels,  the  precipitation  hardening  grades  can  be  suscep¬ 
tible  to  stress  corrosion  cracking  at  ambient  temperatures.  Their  successful  application 
is,  to  a  major  .'Xcrat,  dependent  upon  an  awareness  of  this. 

This  papor  deals  primarily  with  two  alloys —Custom  455  and  Custom  450.  Data 
are  presented  for  smooth  and  precracked  specimens  with  particular  attention  being  given 
to  the  role  os.  heat  treatment  and  product  size.  The  interpretation  of  test  data  and 
suggestions  fox-  Improved  test  methods  are  also  discussed. 

COMPOSITION  AND  BOTANICAL  PROPERTIES 

Typical  compositions  and  tensile  properties  are  shown  in  Tables  1  and  2. 

Both  alloys  are  fully  martensitic. 

Table  1  TYPICAL  ALLOY  COMPOSITIONS 


Alloy 

C 

Mn 

Si 

P 

O 

5z 

Ni 

Mo  Cu 

Cb 

11 

Custom  455 

.02 

.1 

.1 

.015 

.005 

11.5 

8.5 

—  2.3 

.2 

1.2 

Custom  450 

.03 

.3 

.3 

.015 

.005 

15 

6.5 

.3  1.5 

.7 

— 

Custom  455  is  designed  for  uses  requiring  yield  stresses  in  excess  of  200  ksi 
and  for  a  wide  variety  of  corrodents  can  be  considered  to  have  corrosion  resistance 
intermediate  between  AISI  Types  410  and  30^  stainless. 

Cust  >m  450  was  developed  for  applications  requiring  the  corrosion  resistance 
of  Type  304.  't  can  be  used  in  either  the  annealed  or  aged  conditions. 


Table  2 

TYPICAL  ROOM  TEMPERATURE  TENSILE  PROPERTIES 
(1"  1  OUND  BAR) 

0.2$  YS  .  UTS  $  El. 

Allov 

Condition 

ksi 

tac/m zf 

.  Ksi. 

in  4D 

Custom  455 

Aged  900° P 

245 

172 

250 

10 

45 

It 

„  950° F 

225 

158 

235 

12 

50 

11 

"  1000°  F 

20r 

141 

210 

14 

55 

Custom  450 

Annealed 

ne 

83 

141 

13 

50 

II 

Aged  90C° F 

186 

131 

19b 

14 

57 

It 

*  1000° F 

169 

:.i9 

173 

17 

62 

II 

"  1150°P 

93 

65 

343 

23 

69 

STRESS  CORROSION  CRACKING  DATA 
Smooth  Specimens 

Results  obtained  with  a  variety  of  smooth  specimens  and  test  media  are 
shown  in  Table  3.  Note  that  for  Custom  455: 

1.  Resistance  to  cracking  improves  with  increasing  aging  temperature.  This  is  attributed 
to  an  increase  in  toughness  since  corrosion  and  pitting  resistance  do  not  signifi¬ 
cantly  change. 

2.  Bent  beam  specimer.3  stressed  to  9°$  of  the  0.2$  flow  stress  are  Just  as  susceptible 
to  cracking  in  salt  spray  as  are  U-bends.  Although  there  is  a  specimen  thickness 
difference  to  consider,  the  similar  behavior  is  attributed  to  the  probability  that 
in  the  900° P  age  condition  cracking  is  largely  controlled  by  pit  formation.  Once 

a  pit  forms,  an  applied  stress  of  90$  of  the  .2$  flow  stress  is  quite  adequate  to 
cause  rapid  crack  propagation. 

3.  Tensile  specimens  in  3.5$  NaCl  at  75°F  did  not  crack  whereas  bent  beams  at  the  ssme 
8tre8s  level  in  salt  spray  at  95°F  did  fail.  This  is  attributed  largely  to  the 
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greater  Incidence  of  pitting  In  a  spray  as  compered  to  a  solution. 

4.  The  Kure  Beach  marine  test  site  was  slightly  more  severe  than  salt  spray.  This  Is 
attributed  to  the  presence  of  sand  particles  at  the  former.  These  can  deposit  on 
the  specimen  surface  auO  Induce  pitting. 

5.  There  Is  considerable  scatter  In  results. 

Table  3  STRESS  CORROSION  TESTS  WITH  SMOOTH  SPECIMaJS 


Days  to  Failure 


Alloy 

Tensile  Specimens^ 
in  3.5#  NaCl 
(PH  5.  75*F)_ . 

Bent  Beams in 
20#  Salt  Spray 
Spray (pH  7,  95* F) 

U-Benda(°)  in 
20#  Salt  Spray 
(PH  7,  95*Fl_ 

U-Bends  at 

Kure  Beach,  N.C. 
80'  Lot  800'  Lot 

Custom  455 

NF,  NF,  NF,  NF 

115,  337,  229 

4,  141,  463 

1,  2,  3  2,  23,  24 

Aged  900s F 

427,  NF 

NF,  NF 

Custom  455 

NF,  NF,  NF, 

NF,  NF 

Aged  1000* F 

NF 

NF 

Custom  450 

NF,  NF,  NF,  NF 

NF,  NF,  NF, 

NF,  NF, 

Aged  900* F 

NF,  NF,  NF, 

NF,  NF, 

NF,  NF,  NF, 

NF 

NF,  NF,  NF, 

NF,  NF 

(a)  Tensile  specimens  with  gauge  length  9/1 6",  diameter  1/10 ",  stressed  to  90#  of  0.2# 
flow  stress.  NF  signifies  no  failure  in  90  day  teat  for  Custom  455  and  45  day  test 
for  Custom  450. 


(b)  Bent  beams  (4.8"  x  .5"  x  .05")  2  point  loading  to  90#  of  0.2#  flow  stress  in  20# 
salt  spray.  NF  signifies  no  failure  in  505  day  test. 

(c)  U-bends  (3.88"  x  .38"  x  .105")  .  NF  signifies  no  failure  in  300  days  for  salt  spray 
and  1200  and  400  days  at  Kure  Beach  for  Custom  455  and  450  resDectlvely.  Salt 
spray  for  Custom  450  test  was  5#. 

The  data  shown  in  Table  3  for  smooth  specimens  of  CuBtom  450  show  it  to  be 
immune  to  cracking.  Some  U-bend  samples  were  cut  transverse  to  the  rolling  direction 
and  still  resisted  cracking. 

Precrackeu  Specimens 

Data  for  precracked  cantilever  beam  specimens  of  Custom  455  are  summarized  in 
Figure  1.  As  predicted  from  the  smooth  specimens  there  is  a  marked  increase  in  Kibcc 
as  the  aging  temperature  is  increased.  Note  that  failures  occurred  'n  material  aged  at 
1000° F  whereas  smooth  specimens  were  immune.  The  change  in  Kiscc  with  aging  temperature 
is  largely  a  reflection  of  Kic  changes.  Kiscc  is  about  85#  of  Kjc  for  all  conditions. 


Carter  et  alt1)  also  obtained  no  failures  In  material  stressed  up  to  85#  of  Kic. 

Figure  1  shows  a  marked  influence  of  product  size  and  emphasizes  the  need  to 
define  this  when  discussing  Kiacc.  Again,  changes  due  to  product  size  are  largely  a 
function  of  Ktc  changes.  Grain  size  decreased  from  ASOM  2  for  the  9  square  to  ASTM  7 
for  the  1-1/4*  square.  All  of  the  data  Bhown  in  Figure  1  is  for  beams  cut  longitudinal 
to  the  working  direction.  Transverse  cut  specimens  were  evaluated  for  the  9'  square 
material  and  yielded  Kjc  ana  Kjacc  values  about  10#  lower. 

Custom  450  was  also  tested  in  3.5#  NaCl  solution  (pH  3.6)  at  75°?.  The  notch 
and  orecrafck  were  perpendicular  to  the  3/4  thick  plate  used  for  this  study.  Kic  was 
75  KSI  /in.  for  full  hardened  material  (aged  900° F) .  No  failures  were  obtained  in 
stress  corrosion  tests  at  stress  intensities  as  high  at.  90#  of  Kic  (1800  hour  teBts) . 

This  confirms  the  smooth  specimen  results  showing  the  alloy  to  be  highly  resistant  to 
cracking  in  chloride  media . 

SIGNIFICANCE  OF  Kiscc 

There  Is  almost  a  linear  relationship  between  Kiacc  and  yield  strength  for 
Custom  455  as  expected  from  previous  experience  with  AISI  4340  end  18  Ni  maraglng  steel  — 
see  Figure  2.  KisccTield  strength  relationships  for  three  defect  sizes  are  plotted 
in  Figure  2  using  the  following  relationship  and  assuming  the  existence  of  yield  point 
stresses (2T. 

acrlt  -  0.2  (KISCC/0yS)2 

Where  aerit  is  the  critical  defect  length  (assuming  long,  thin  defects) . 

Theoretically,  a  material  whose  product  form  d  heat  treatment  put  it  above 
the  calculated  line  for  defects  of  size  "X  will  resist  ex  'king  in  this  media  provided 
there  are  no  defects  larger  than  size  "x" . 


0.2%  yield  strength,  ksi. 

Figure  2.  KiBCc“  Yield  Strength  Relationships,  3.5#  NaCl,  pH5 


The  validity  of  using  Kiacc  as  a  design  criteria  is  questionable,  however. 
During  our. work  on  Custom  450  we  noticed  an  interesting  phenomena  which  Brown  has  also 
reported(3)  for  a  precipitation  hardening  13Cr-8Ni-2Mo  stainless  steel.  We  observed 
failure  of  cantilever  beam  specimens  away  frem  the  notch  and  precrack  as  shown  in 
Figure  3.  Cracking  started  at  a  pit  formed  in  the  crevice  between  the  corrosion  cell 
and  the  specimen.  Some  aging  scale  left  on  the  specimen  probably  accelerated  the  attack. 

Brown  logically  uses  the  type  of  failure  shown  in  Figure  3  as  evidence  that  a 
prime  function  of  a  precrack  is  to  serve  as  a  crevice  for  local  chemistry  changes  — 
more  specifically  a  lowering  of  the  pH  to  produce  a  potential  -pH  condition  conducent 
to  the  formation  of  hydrogen.  In  a  case  such  as  shown  in  Figure  3  the  crevice  at  the 
cell  wall  was  more  capable  of  producing  corrosion  and  hydrogen  than  the  one  at  the  bottom 
of  the  notch.  The  fact  that  a  crevice  existed  along  the  sides  of  the  specimen  at  the 
cell  wall  would  also  give  a  potentially  greater  source  of  hydrogen. 

In  addition  to  helping  explain  the  role  of  crevices  the  behavior  in  Figure  3 
is  very  significant  in  that  it  definitely  points  to  a  weakness  in  the  use  of  Ki8cc  data 
in  design  work.  The  initial  stress  intensity  in  the  stress  corrosion  crack  area  of  the 
specimen  shown  in  Figure  3  must  have  been  very  low  indeed,  whereas  the  teat  data  predict 
Kiscc  -  KIc  -  75  KSI  Jin. 


Corrosion  Pit 
which  initiated  crack 

/I 


Complete  failure  by  Specimen  fractured  mechanically  IX 

stress  corrosion  cracking  after  test  to  measure  initial 
after  900  hours  stress  intensity  (actually  90# 

o'  KIn) 


Corrosion 

Pit 


Mechanical  failure 


StresB  corrosion  fracture  surface,  2X 


Figure  3.  Stress  Corrosion  Cracking  Initiated  at  Crevice  Between  Corrosion 
Cell  and  Test  Specimen.  3.5#  NaCI,  pH  3.6,  75°F. 

Another  question  relating  tc  the  use  of  Kisec  can  be  described  with  the 
following  example.  Steel  A  has  a  Kj;c  of  70  and  a  Kibcc  of  60.  Steel  B  has  a  Kic  of  50 
but  does  not  fail  by  stress  corrosion  cracking  in  tests  of  the  type  described  here  i.e. 
Xlace  *  Kic  *  5°.  Which  material  la  most  suitable  for  service  in  media  similar  to  that 
used  in  the  testing?  Strictly  from  a  mechanics  point  of  view  one  might  select  steel  A 
as  having  the  highest  Kjacc •  However,  since  steel  B  apparently  has  better  corrosion 
resistance  it  might  be  expected  to  be  less  susceptible  to  cnemiBtry  changes  that  could 
occur  in  more  serious  crevice  (and  longer  exposure  times)  in  service. 

Data  developed  in  recent  years (3“5)  indicate  more  and  more  that  stress 
corrosion  cracking  in  high  strength  steels  is  caised  by  hydrogen.  To  resist  cracking 
a  steel  must  therefore  have  good  general,  pitting  and  crevice  corrosion  resistance  tc 
minimize  the  amount  of  hydrogen  produced,  and  good  toughness  to  be  able  to  tolerate 
small  amounts  of  hydrogen  that  do  enter  the  metal.  These  two  items  (toughness  and 
corrosion  resistance)  are  believed  to  be  the  governing  factors  in  determining  whether 
cracking  will  occur.  Obviously  there  are  other  important  factors  e.g.  role  of  surface 
chemistry  in  determining  how  much  of  the  hydrogen  produced  enters  the  metal  and  the 
behavior  of  this  hydrogen  M  the  strained  lattice. 

An  examrie  of  the  need  for  both  toughness  and  corrosion  resistance  to  resist 
cracking  is  shown  in  Table  4.  Custom  455  has  relatively  good  corrosion  resistance  and 
its  Ki8cc  is  a  high  perce\tage  of  Kjc.  Custom  450  has  even  better  resistance  and  it 
does  not  fail  at  all  in  the  test.  Note  that  the  good  corrosion  resistance  of  both  of 
these  alloys  is  dependent  upon  the  fact  that  the  hardening  precipitate  does  not  deplete 
the  matrix  of  large  amounts  of  corrosion  resistant  elements  (e.g.  chromium).  The 
experimental  alloy  on  the  other  hand  is  quite  susceptible  to  cracking  even  though  iu 
has  the  highest  toughnecs.  Its  poor  perforroarice  is  attributed  to  the  presence  of  corrosion 
resiBtant  elements  in  the  hardening  precipitate.  The  depletion  of  the  matrix  in  these 
elements  lowers  the  alloy's  corrosion  resistance.  This  results  in  a  ready  source  of 
hydrogen  (from  the  corrosion  reaction).  U-bends  of  the  experiuental  alloy  also  failed 
very  readily,  even  in  high  humidity  without  any  chlorides . 


Table  4  INFLUENCE  OF  HARDENING  PRECIPITATE  ON  KIscc  (3.5#  KaCl,  pH  5,  75°?) 


Allov 

Aging  Temp, 

Kic(KSI,  /in.) 

^Iscc^Ic  # 

Hardening  PreciDitate 

Custom  455 

95C  F 

67 

87 

Laves  (Fe,  T*‘ 

Custom  450 

900°  F 

75 

100 

Laves  (Fe,  Nb,  r'o) 

Experimental 

975”  F 

105 

<50 

R  Phase  (Cr,  Mo,  Co.  Fe) 

NEW  TEST  METHODS 


The  probability  that  atreas  corroalon  cracking  In  thla  type  of  material  la 
largely  dependent  upon  two  factora  (l)  toughness  (2)  corroalon  and  chemistry  changes  In 
crevices,  pits  etc.  suggests  alternative  means  of  evaluation. 

One  could  feasibly  Increase  the  severity  of  the  precracked  teat  by  introducing 
crevices  on  the  sides  of  the  specimen  adjacent  to  the  crack  but  this  might  prove  difficult 
to  quantify.  Alternatively  one  might  be  able  to  dispense  with  the  stress  corrosion  test 
altogether  in  some  systems .  For  Custom  455  for  example,  Kjacc  very  much  dependent 
upon  Jfic  because  the  factors  which  change  Kic  have  little  effect  on  corrosion  resistance. 
Possibly  this  behavior  could  be  predicted  from  pitting  potentials  and/or  protection 
potentlala(o)  derived  from  anodic  polarization  data.  This  approach  might  also  predict 
the  type  of  phenomena  shown  in  Figure  3. 

Kjc  and  pi  ting/protection  potentials  can  be  determine,;  in  a  few  hours  and 
the  use  of  some  function  of  these  to  predict  stress  corrosion  cracking  behavior  could 
perhaps  eliminate  the  need  for  many  stress  corrosion  tests.  The  writer  wishes  to 
emphasize  that  he  Is  suggesting  this  as  a  possible  approach  and  realizes  (as  noted 
above)  that  many  other  factors  can  be  impoitant  in  a  stress  corrosion  situation. 

CONTACT  WITH  ACTIVE  METALS 

Precipitation  hardening  stainless  steels  may  come  Into  contact  with  more 
active  metals  during  service.  This  occurs  frequently  in  systems  using  active  metals 
for  galvanic  protection  or  (particularly  In  aerospace  applications)  where  low  density 
metals  such  as  aluminum  are  in  widespread  use. 

This  contact  with  active  metals  such  as  aluminum  can  result  In  cracking  of 
the  stainless  steel.  This  is  net  stress  corrosion  cracking  but  hyarogen  cracking  due 
to  hydrogen  produced  on  the  stainless  steel  which  is  serving  as  a  cathode. 

In  predicting  the  performance  of  high  strength  stainless  steels  in  this 
situation  it  is  sometimes  erroneously  assumed  that  a  material  with  better  stress 
corrosion  cracking  resistance  (e.g.  low  KicAiscc  ratio)  will  be  more  resistant.  This 
is  not  necessarily  so  and  depends  upon  why  a  material  has  Ute  low  ratio.  If  it  is 
resistant  to  stress  corrosion  cracking  because  of  high  toughness  then  this  property 
will  be  useful  in  resisting  hydrogen  cracking  when  in  contact  with  active  metals.  On 
the  other  hand  if  It  owes  its  stress  corrosion  cracking  resistance  primarily  to  good 
corrosion  and  crevice  corrosion  resistance  then  these  properties  are  of  no  use  In 
avoiding  the  galvanic  corrosion  problem  and  could  in  fact  aggravate  it  by  Increasing 
one  of  the  driving  forces  (potential  difference).  For  example,  the  experimental  alloy 
in  Table  4  would  very  probably  be  superior  to  the  other  alloys  in  a  galvanic  corrosion/ 
hydrogen  cracking  situation  even  though  its  stress  corrosion  cracking  resistance  is 
inferior . 


Toughness,  potential  differences,  area  ratios,  design  parameters  and 

polarization  character!  itics  (particularly  for  the  active  metal)  are  more  useful  for 

predicting  performance  in  these  situations  than  are  stress  corrosion  cracking  data . 

CONCLUSIONS 

1.  Smooth  and  precracked  specimens  of  Custom  455  show  improved  stress  corrosion  cracking 
resistance  as  the  aging  temperature  is  increased.  Aging  temperatures  of  950° F  and 
preferably  higher  are  normally  used  for  applications  where  stress  corrosion  cracking 
is  a  suspected  possibility. 

2.  Kiacc  for  Custom  455  decreases  with  increasing  product  size  in  the  same  way  as  Kjc . 

3.  No  regular  failures  were  obtained  in  either  a.uooth  or  precracked  specimens  of  full 
hardened  Custom  450.  The  alloy  is  therefore  superior  to  other  precipitation 
hardening  stainless  steels.  However,  it  la  not  immune  to  failure  in  chloride 
solutions  as  evidenced  by  cracking  under  large  ert’^oe  areas. 

4.  Preeracked  specimens  show  much  better  reproducibility  than  smooth  specimens  for  a 
grade  such  as  Custom  455  and  represent  a  more  severe  test . 

5.  The  use  of  Kiscc  bb  a  design  criteria  is  questionable  in  view  of  the  probability 
that  design  factors  (e.g.  crevices)  in  service  could  cause  the  corrosion  aspect  of 
cracking  to  dominate  and  produce  crocking  at  lower  stress  intensities. 

g.  Stress  corrosion  cracking  in  thecc  materials  is  uelleved  to  be  caused  by  hydrogen 
and  to  be  very  much  dependent  upon  the  interplay  of  (l)  toughness  and  (2)  corrosion 
resistance.  It  is  suggested  therefore  that  it  might  be  possible  to  predict  stress 
corrosion  cracking  resistance  onset’  on  i  consideration  of  Kjc  and  anodic  polarization 
parameters  such  as  pitting  and/or  protection  potentials, 

7.  Failure  of  martensitic  stainless  steels  in  contact  with  more  active  metals  (e.g, 
aluminum)  is  not  stress  corrosion  cracking  and  stress  corrosion  test  data  is  of 
limited  value  for  predicting  performance  in  these  situations. 


HI 
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INVESTIGATION  OF  AN  ACCELHUTED  STRESS  CSBROSION  (BACKING  1CT90D 
II.  HUGO,  J.  BfLLOT  and  E.  HQtZOG 

Abstract 

The  authors  suggest  an  accelerated  sloe  strain  rate  tensile  Bethod  of  testing  which  couM  be 
very  useful  for  inspection  purposes.  Slow  straining  in  nitrate,  NeOH  and  acid  environ* nts 
are  described. 


I.  INTRCBUCTICN 


The  choice  of  correct  and  rapid  testing  methods  is  quite  intricate  when  the  Material  is  exposed  to 
both  corrodent  and  stress.  Accelerated  methods  of  testing  are  necessary  either  for  selecting  a  material  appro¬ 
priate  to  withstand  a  certain  stress  level,  either  for  the  same  material  under  different  service  conditions  or 
for  selection  of  the  most  appropriate  type  of  assembly  i.e.  weldment,  heat  treatment  before  and  after  welding, 
the  life  of  bolts  and  rivets.  Life  and  safety  concerns  should  also  deal  with  the  unforeseen  factor  i.e.  with 
higher  stress  levels,  yielding  and  straining  in  notched  areas  or  with  a  plastic  accomodation  of  the  atructu-e. 

The  simplest  stress  distribution  is  found  in  uniaxial  tensile  testing  ;  a  great  mother  of  tests  are  however 
required  since  different  stress  levels  are  to  be  tried  both  in  the  elastic  and  plastic  ranges. 

With  a  stable  material,  these  tests  run  over  a  1-ng  time  as  a  result  of  which  numerous  points  on  a 
stress  vs.  time  curve  are  to  be  plotted.  An  attempt  was  made  to  develop  a  more  rapid  method  of  testing  likely  to 
put  forward  initiation  and  propagation  of  particular  paths  of  corrosion  such  as  pits,  grain  boundaries  along  slip 
planes.  These  various  types  of  attack  frequently  appear  at  the  vicinity  of  the  yield  point,  and  after  yielding  in 
the  plastic  area.  The  authors  decided  therefore  to  proceed  at  slow  strain  rate,  starting  for  example  at  a  0,7  to 
0,5  fraction  of  yield  point  up  to  rupture  i.e.  at  a  0,8  -  1,6  %  elongation  rate  per  hour.  Strain  rate  is  dependent 
on  the  purpose  of  investigation,  in  our  case,  the  ageing  of  mild  steel  and  our  aim  being  a  result  after  24  to 
50  hours.  In  unalloyed  steels,  C  and  N  atoms  diffuse  rapidly  at  1 00/1 30°C,  the  temperature  boiling  range  of 
nitrates,  caustic  soda  and  acid  solutions.  This  diffusion  promotes  intergranular  corrosion  in  some  cases  in  pre¬ 
sence  of  passivating  and  specifically  adsorbable  anions. 

0\r  investigation  has  been  carried  out  at  a  rate  of  10-5  cm  .  sec-1  i.e.  the  diffusion  rate  of  C  +  N 
atoms  in  a  lV-rite.  Indeed,  with  high  rates  (10  %/b) ,  the  strain  late  exceeds  the  propagation  rate  of  intergranu¬ 
lar  corrosil  *  ai  *  r"oture  is  of  a  mixed  type  i.e.  a  superficial  intergranular  attack  and  ductile  cup  and  cone 
rupture  over  tnc  major  part  of  the  section.  This  method  of  testing  has  already  been  described  in  earlier  publica¬ 
tions  deal  lg  »i th  research  on  C-and  low  alloy  steels  by  the  laboratories  of  Prof.  PARKINS,  BOHNENKAMP  and 
SocidW  Nouv  1 J '  dea  Acilries  de  PCUPEI.  These  studies  were  carried  out  on  smooth  cylindrical  specimens. 

As  regards  titanium,  stainless,  copper  and  aluminium  alloys,  more  work  was  reported  on  sharp  notched 
pre-cracked  teat  bars  (see  bibliography).  There  exist  of  course  other  publications  in  this  connection,  we  only 
quoted  a  few  examples.  The  aim  of  the  present  paper  is  to  emphasise  the  practical  interest  of  such  testing 
methods  likely  to  be  used  for  inspection  purposes.  It  does  not  require  costly  facilities  and  test  interpretation 
is  easy.  We  had  no  further  considerations  in  mind  and  did  not  use  other  techniques  such  as  electro-chemical  mea¬ 
surements. 

II.  EXFHUMEJ1TAL  TECHNIQUES 


In  our  corrosion  tests,  we  always  use  the  same  type  of  specimen  in  the  same  material  conditions, 
whatever  be  the  method  retained  i.e.  a  tensile  test  bar,  0  4  urn,  with  smooth  surface,  polished  mechanically, 
useful  length  30  mm  and  5  ran  radius  to  threaded  ends.  This  sample  can  be  strained  in  a  tensile-corrosion  dead  load 
and  lever  type  testing  device,  under  the  following  conditions  : 

1 ,  without  stress 

2.  under  constant  stress 

3.  with  slow  tensile  strain  rate 

4,  under  stress  relaxation  (was  not  used). 

The  present  paper  describes  the  results  obtained  with  conditions  1 ,  2  and  3  on  different  steels  and 
with  different  corrodents.  A  closed  container  the  upper  part  of  which  was  cooled,  carried  the  boiling  solution. 
Thus  concentration  remained  constant. 

III.  RESULTS 


Corrosion  in  boiling  nitrates 

The  behaviour  of  normalised  rimmed  steelo,  Al  or  Si  killed  steels  (carbon  range  :  0,02  to  0,7  $)  was 
observed  in  a  solution  containing  57  %  of  calcium  nitrate  and  3  %  of  ammonium  n’ crate  ;  density  1 ,3  and  pH  6,5 
at  108°C. 

Oui  aim  was  to  show  the  s.c.c.  determining  influence  of  the  carbon  content  in  the  different  methods 
of  investigation. 
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Without  stress 


In  certain  cases,  intergranular  corrosion  initiation  Bechanisas  can  be  observed  by- a  corrosion  test 
without  stress.  Specimens  were  inaersed  in  the  boiling  solution.  Exposure  tine  :  100,  200  and  300  hours.  The 
effect  of  the  corrodent  has  been  observed  through  microscopic  examination  of  a  longitudinal  section.  Owing  to 
potential  differences  between  the  grain  face  (passivated)  and  the  boundary  (active)  difficult  to  measure  at  this 
scale,  all  C-steels  were,  to  some  extent,  susceptible  to  intergranular  corrosion.  Depth  of  intergranular  corro¬ 
sion  increases  within  a  decreasing  C  content.  At  a  carbon  range  of  0,02  to  0,06,  intergranular  penetration  rate 
increases  with  time  (figure  l).  Intergranulai  crack  initiation  and  propagation  have  been  noted  (without  applied 
stress)  (micrography  -  fig.  2).  From  a  certain  carbon  content  i.e.  C  >0,12,  depth  of  intergranular  corrosion 
is  constant  after  an  exposure  time  of  200  hotxs.  Cracks  are  stopped  by  pearlitic  areas  (fig.  3).  Figure  4  shows 
depths  of  intergranular  attack  versus  carbon  contents  of  the  steels  investigated  after  a  300  hours  exposure  tire. 
On  the  other  hand,  very  pure,  C-free  iron  is  not  subject  to  grain  boundary  attack  as  steel  with  C  +  N  stabilised 
by  Ti. 


•  Under  constant  stress 

Steels  with  different  carbon  contents  were  loaded  under  constant  conditions  for  stresses  under,  equal 
to  and  above  yield  point  (E  0,2).  The  specimens  were  cut  along  their  axis  and  tha  depth  of  intergranular  attacks 
ms  measured.  Results  are  shown  in  figure  3.  Properly  speaking,  steels  with  s  carbon  range  of  0,01  to  0,06  do 
not  have  a  nan  rupture  level.  This  situation  is  confirmed  by  the  fact  that  they  already  exhibit  propagation  of 
intergranular  cracks  without  stress.  Under  0,4  E  0,2  and  rupture  after  a,  300  hours,  intergranular  cracks  reaching 
1  mm  of  depth  were  observed  on  each  side  of  the  rupture.  Non  rupture  level  increases  with  carbon  content  ;  for 
C  >0,12  it  is  nearly  equal  to  E  0,2.  Beyond  this  content,  uniform  general  intergranular  corrosion  (depth  40 
to  60  p)  is  observed  on  the  specimens  which  have  not  ruptured  after  500  h  exposure,  (tress  >  E  0,2).  Depth  of 
attack  varies  with  grain  size  and  with  the  distribution  of  pearlitic  alignments  which  act  as  crack  arresters. 

.  With  slow  strain  rates 

Specimens  were  strained  slowly  in  oil  and  nitrates  at  an  initial  rate  of  10~5  cm  s~'  at  110°C 
(0,8  $/b).  The  stress-strain  curves  were  recorded  by  a  dynamometric  ring  provided  with  strain  gages.  The  tensile 
specimen  was  gripped  within  a  tight  vessel  containing  the  boiling  solution.  A  comparison  was  made  of  the  stress- 
strain  curves  obtained  in  the  nitrates  and  in  oil  (at  110°C). 

-  yield  point  E  0,2 

-  maximum  stress  reached  during  testing  R 

-  specimen  life  time  t 

-  elongation  and  reduction  of  area  (Jf) 

-  strain  hardening  ^  ^ 

-  time  to  rupture  ratio  —7 - - — — 

t  corrodent 

-  maximum  depth  of  cracks  on  the  broken  specimen  : 

a) ,  near  the  threaded  ends  :  slightly  strained  area 

b) .  near  the  rupture,  a  heavily  strained  area 

As  an  example,  we  show  the  curves  registered  for  the  steels  containing  0,02,  0,17  and  0,7  %  of  C.  The  rupture 
energy  for  slow  strained  specimens  under  corrosion  could  be  compared  to  that  of  uncorroded  ones. 

.  Steel  containing  0,02  $  of  C 

In  oil,  rupture  is  induced  after  15  hours  with  an  elongation  of  22  %  and  maximum  R  of  54  kg/nm2.  In 
nitrates,  brittle  fracture  occurs  after  2  hours  with  a  maximum  load  of  28  kg/mn2  (figure  6). 

Propagation  of  see  during  straining  is  represented  by  fig.  7  i  these  tests  were  interrupted  at 
different  steps  of  the  curve. 

First  step  :  Examination  after  the  first  curve  jog  showed  one  0,25  mm  crack  starting  at  each  end  of  the  tensile 
specimen,  and  numerous  oth°r  minute  cracks  of  0,02  mm. 

Second  step  :  After  the  2nd  discontinuity,  the  cracks  near  the  end  had  reached  0,45  nvn,  while  the  minute  cracks 
distributed  over  the  length  of  the  specimens  measured  0,02  -  0,03  mm 

Third  step  s  At  the  third  discontinuity,  numerous  mouths  of  cracks  (depth  0,5  mm)  had  appeared,  which,  after 

slight  elongation  induced  rupture  of  die  specimen.  Intergranular  crack  prjpagation  thus  initiates 
near  yield  point  elongation. 

.  Steel  with  0,17  1°  C 

The  first  cracks  (figure  8)  are  only  detedted  at  the  first  disc."  tinunies  of  the  stress-strain  curve 
in  the  plastic  range.  When  C  content  increases,  these  discontinuities  appear  farther  in  the  plastic  range.  Crack 
propagation  is  located  in  the  plastic  area  of  the  curve.  Above  a  C  content,  of  0,5/0, 6,  the  slope  of  the  stress- 
strain  curve  becomes  smooth  after  yield  point. 

.  Steel  with  0.7  C 

Figure  9  shows  the  yield  point  followed  by  a  smooth  curve.  Under  the  present  slow  strain  rate  condi¬ 
tions,  a  crack  in  steel  containing  0,7  %  carbon,  propagates  at  the  point  of  mechanical  instability  due  to  stress 
concentration  as  a  result  of  the  reduction  of  area.  The  test  was  run  for  2  h  20  for  a  maximum  R  of  55  kg/ran 
(microscopic  examination  shows  an  intergranular  crack  in  pearlitic  structure  -  fig,  10).  The  table  (fig.  11) 
summarizes  the  main  characteristics  obtained  with  the  three  test  methods.  Slow  strain  rate  tensile  testing 
arrived  much  more  rapidly  at  the  same  order  of  merit  for  the  tested  C-steels.  Consequently,  this  >.  stbod  deserves 
clujer  investigation. 
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Corrosion  in  HaOfl  environment 

tbs  action  of  NaOH  on  stress  cracking  corrosion  is  arch  slower  than  that  of  the  eaaoniia  nitrates. 

In  a  first  stage,  sloe  straining  sas  used  in  order  to  determine  the  aost  dangerous  concentration  for  intergra¬ 
nular  corrosion  in  nild  steels  containing  0,02  £  C  (fig.  12)  (strain  rate  eas  reduced  to  0,8  £/h  against 
1,6  1</h  in  nitrates).  Ibe  criteria  retained  for  corrosion  in  35  it  NaOH  boiling  solution  eere  : 

-  the  specimen  life  tiao 

-  the  loss  of  reduction  of  area 

-  the  depth  of  intergranular  attacks 

a) ,  in  the  body  of  the  specimen 

b) .  in  the  necking  area 

.  Corrosion  under  constant  stress 

Intergranular  corrosion  without  stress  and  imposed  potentiel  nay  occur  under  certain  extreme  condi¬ 
tions  in  steels  used  in  industry  in  caustic  soda  solutions.  Grain  boundaries  are  attacked,  grains  are  disinte¬ 
grated  and  dissolved.  Ibis  process  also  occurs  under  static  load  and  under  E  0,2  stresses  or  above.  Time  to 
rupture  is  usually  very  long.  Tbs  effect  of  a  35  ^  caustic  soda  solution  on  specimens  under  a  stress  near  E  0,2 
vas  observed  after  different  exposure  times  (the  steels  were  identical  to  those  tested  in  nitrate  environments) 
(fig.  13).  Increase  of  C  content  influences  favourably  the  intergranular  corrosion  resistance  both  in  NaOH  and 
nitrate  environment. 

.  Stress  corrosion  cracking  with  slow  tensile  straining 

Correlation  found  between  the  E  loss  (  A  E),  the  crack  depth  under  slow  straining  conditions  and 
the  behaviour  of  steel  under  constant  load  is  satisfactory  (table  V  -  fig.  14). 

Acid  corrosion 

Slow  rate  straining  was  used  for  the  determination  of  the  intergranular  corrosion  resistance  of 
austenitic  steels  in  an  acid  environment.  The  test  solution  had  the  following  chemical  composition  : 

1 10  g/1  P205  250  g/1  CaO 

600  g/1  N03H 

Testa  were  carried  out  at  the  boiling  temperature  of  132°C.  A  duplicate  test  has  been  mad'  on  a 
standard  steel  Z  6  CN  18-10  at  various  heat  treatments  (C  0,05  Cr  17  Ni  10)  : 

a) ,  hyperquenching  1100°C  30' 

b) .  and  subsequent  annealing  at  +  700°C  30'  (carlide  precipitation) 

.  Mechanical  characteristics 
Table  VI  (fig.  15) 


Treatment 

Temperature 

J*  2 

A  % 

=  )t 

1100°C  T.E. 

20 

23 

56 

65 

80 

130 

19 

45 

43 

80 

1100»C  T.E, 

20 

23 

57 

65 

79 

+  700 °C  30' 

130 

19 

46 

42 

80 

.  Direct  attack  (without  stress) 

On  hyperquenched  and  sensitised  austenite  at  700°C.  After  a  test  duration  of  15  days,  generalised 
intergranular  corrosion  depth  of  300  p  had  occurred. 

.  Corrosion  under  constant  stress 

Table  VII  (fig.  16) 


Treatment 

Stress 

kg/jun2 

Specnen 
Life  lime 

Intergranular  corrosion 

1100,'C  T.E. 

17 

SR  240  h 

none 

1100°C  T.E.  +  700°C 

17 

118  h 

mtergianular  corrosion  over 
whole  specimen.  Brittle  frac¬ 
ture  without  deformation 

A  t  =  100 

Slow  rate  straining  corrosion 
(t  =  0,8  */h) 


Table  VIII  (fig.  17) 


Treatment 

B51 

■sea i 

2^1 

B3 

Stress  cracking  corrosion 

11C0»C  T.E. 

B| 

47 

52 

0 

non* 

IIOCC  T.E.  +  TOCC 

Bfl 

17 

0 

100 

entirely  intergranular 

Tbs  susceptibility  to  intergranular  corrosion  of  this  steel,  at  sensitised  condition,  is  strongly 
enhanced  by  slow  tensile  straining,  (fig.  18) 

IV.  CONCLUSIONS 


The  interest  of  sloe  rate  tensile  strain  testing  (0,8  to  1 ,6  $/h  of  elongation)  has  been  shown 
for  the  following  cases  : 

-  C-steels  in  concentrated  solutions  of  boiling  nitrates  and 
caustic  soda 

-  sensitized  stainless  steel  18/10  in  an  a '-id  environment. 

Compared  with  tests  under  constant  stress  and  stresses  equal  to  yield  point,  the  sconooy  of  time 
is  considerable  and  the  nunber  of  tests  reduced.  In  a  caustic  soda  environment,  intergranular  rupture  is 
achieved  between  30  and  40  hours,  whereas  a  test  at  E  0,2  needs  100  time3  more.  This  method  of  testing  allows 
determination  of  the  parameters  which  accelerate  or  induce  rupture  e.g.  concentration  of  a  corrodent,  degree 
of  cold  work  etc.  A  rapid  assessment  of  rupture  risks,  danger  of  initiation  and  propagation  of  particular 
corrosion  types  is  possible. 

In  our  opinion,  the  latter  point  is  the  most  important  one  i.e.  providing  the  possibility  of 
assessing  these  dangers  in  ductile  and  carbon  steels  in  i  given  environment  und  under  g.> ven  conditions.  Last 
but  not  least,  the  comparison  and  inspection  of  materials  by  a  standard  test,  quite  easy,  become  possible 
thanks  to  time  limitation. 
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Table  I 


C  content  (%) 

Depth  of  intergranular  attack 

Exposure  tine 

100  hours 

200  hours 

300  hours 

0,02/0,04 

40  p 

70  p 

210  p 

0,17 

10  p 

25  p 

25  F 

0,70 

5  Jl 

10  p 

10  a 

Figure  1 


Corrosion  tests  in  boiling  nitrate  solution 
(wi'hout  stress  300  hours) 


\  URATES  NaOll 


rracks  ariested  on  pearlite 
C  -  0,17  ,'teel 


1  lgui r  i 


Relation  between  C.  content  and  intergranular  corrosion 
depth  ( tests  without  stress)  300 hours  immersion 
in  boiling  nitrates  at  110°C.  Co  (No3)2  57% 

NH4.No3  3% 

H?0  40%  BgA 


1.5 


ress 


1.0. 
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Table  II 


— 

C  0,02 

C  0,17 

C  0,70 

1 ) .  without  stress 

Depth  of  penetration  at  300h 

210 

25 

10 

Propagation  rate 

increasing 

nought 

nought 

2).  with  stress 

Stress  without  rupture  (tjjj) 

nought 

1,2  E 

1,7  E 

Depth  of  penetration  after 
500h  (t®) 

>  1  mm 

(0,4  E/300  h) 

40/50  p 

30/40  p 

3).  Slow  rate  tensile  straining 

R  maxi  kg:nm2 

25 

38 

55 

E 

20/28 

23/28 

35 

Strain  hardening  R-E 

nought 

10 

20 

Time  ratio  — 2li_ — 
corrodent 

8 

5 

4 

Range  of  stress  propagation 

Elastic  (without  stress) 

Plastic  (after  yield 

Point  of  mechanical 

point  elongation) 

instability  (necking 
area) 

Maximum  depth  of  cracks  after 
slow  3trauung 

>  1  mm 

100  p 

50  p 

E  to  rupture 

0 

_ 

2/3  1° 

4/5  % 

Table  III 


Figure  1 1 


Concentration  of 
boiling  NaOH 

* 

L-tfe  time 
h 

R  maximum 
kg/ran2 

Loss  of 
reduction  of 
area  % 

Corrosion  types 

15 

44 

43 

2,8 

Localized  intergranular  penetration 
of  15  p 

25 

41 

40 

5,5 

+  numerous  intergranular  penetration 

of  25  p 

35 

26 

40 

50 

Generalized  intergranular  corrosion 

200  p  and  400  p  in  E 

45 

35 

43 

7 

Transgranular  and  important  dissolution 

1 igure  12 


Table  IV 


Steels 

E  0,2 

ktfgss 

Stress 

te/mm2 

Life  time 
hours 

Observations  regarding  corrosion  types 

C  0,02 

22 

20 

SR  720  h 

GraiD  disintegration-intergranular  creels  of  15<  p 

25 

R  1  828  h 

Brittle  rupture,  grain  disintegration,  intergranular 

cracks  >  1  mm 

C  0,17 

23 

25 

SR  720  h 

Grain  disintegration,  intergranular  cracks  25  p 

25 

SR  1  440  h 

Grain  disintegration,  intergranular  cracks  45  P 

25 

SR  2  8F0  h 

Grain  disintegration,  intergranular  cracks  45  p 

C  0,35 

35 

40 

SR  720  h 

Grain  disintegration,  intergranular  corrosion  10  p 

40 

31  1  440  h 

Gram  disintegration,  intergranular  corrosion  15  p 

40 

SR  2  880  h 

Grain  disintegration,  intergranular  corrosion  15  p 

R  =  rupture  SR  =  without  rupture 


Figure  13 

Table  V 


Steels 

Specimen  life 
time  (h) 

R  maximum 
kg/nm2 

AE  $ 

Corrosion 

C  0,02 

26 

40 

52 

Generalized  intergranular  corrosion  from  2^  ;■ 
to  400  p  in  £ 

C  0,17 
( rinrned) 

37 

50 

35 

Generalized  intergranular  corrosion  40  to  150  p 
in  E 

C  0,17 
(Si  killed) 

43 

35 

30 

ditto 

C  0,35 

30 

50 

30 

Generalized  intergranular  corrosion  40  and 

90  p  in  E 
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Abstract 

The  microscopic  features  of  stress- corrosion  cracking  in  steels  with  high  yield 
strength  are  reviewed  with  the  objective  of  establishing  specific  characteristics  by  which 
stress  corrosion  can  be  iden'.ified.  Photomicrographs  of  stress-ccrrosion  cracking  obtained 
under  known  exposure  conditions  on  specimens  of  alloy  steels,  of  precipitation  hardenable 
stainless  steels,  and  of  maraging  steels  are  p  esented  and  discussed.  The  n ost  consistent 
feature  of  stress-corrosion  cracking  in  these  steels  is  that  it  usually  initiates  at  mul¬ 
tiple  sites  on  the  steel  surface.  Cracking  may  be  intergranular  or  transgranular  depending 
on  the  alloy  system  and  the  environment.  Branching  occurs  in  some  instances  but  is  not  a 
consistent  characteristic  of  stress-corrosion  cracking  in  steels  with  high  yield  strength. 
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MICROSCOPIC  IDENTIFICATION  OF  STRESS-CORROSION 
CRACKING  IN  STEELS  WITH  HIGH  YIELD  STRENGTH 

E.  H.  Phelps 


Introduction 


When  service  failures  are  encountered,  it  is  essential  that  a  correct  diagnosis 
of  the  cause  of  failure  be  made  so  that  appropriate  corrective  steps  cam  be  taken  to 
prevent  further  occurrences ,  When  stress-corrosion  cracking  is  the  suspected  cause  of 
failure,  a  careful  microscopic  examination  is  probau’v  the  most  important  diagnostic  tool 
available.  In  this  paper,  the  general  guidelines  that  have  been  used  in  the  past  for  diag¬ 
nosing  stress— corrosion  cracking  will  be  reviewed  and  compared  with  the  microscopic  appear¬ 
ance  of  stioss— corrosion  cracks  produced  in  steels  with  high  yield  strength  under  known 
exposure  conditions.  The  intent  is  to  provide  a  guide  that  will  assist  future  investi¬ 
gators  concerned  with  the  performance  of  the  higher  strength  steels. 

Metallograrhic  techniques  are  used  to  examine  cracks  by  cutting  and  polishing 
cross  sections  or  surface  sections,  the  former  being  the  most  common  method.  The  sections 
3hould  preferably  be  cut  to  include  secondary  tracks,  if  they  are  present.  The  r'ost  infor¬ 
mative  procedure  is  to  first  examine  the  polished  specimen  before  etching  and  again  examine 
after  etching.  The  unetched  condition  is  most  suitable  for  revealing  the  details  of  the 
crack  path.  Light  etching  permits  the  observer  to  determine  the  relationship  between  the 
crack  path  and  the  microstructure.  The  scanning  electron  microscope  (SEM)  is  an  extremely 
powerful  tool  for  examining  the  fracture  face  itself.  Replica  techniques  can  also  be  used 
for  this  purpose  but  they  are  very  time  consuming  and  do  not  provide  the  large  depth  of 
field  that  can  be  obtained  with  the  SEM. 

The  following  criteria  for  diagnosing  cracks  as  stress-corrosion  cracks  have  been 
discussed  previously!)  and  are  presented  here  to  serve  as  a  basis  for  the  discussion  to 
follow. 

1.  One  criterion  is  to  determine  whether  the  path  of  cracking  is  the 
same  as  the  characteristic  path  for  stress-corrosion  cracking  in 
the  alloy  system  involved.  For  example,  in  annealed  stainless 
steel,  stress-corrosion  cracking  characteristically  follows  a  trans- 
granular  path,  whereas  in  carbon  steel  it  characteristically 
follows  an  intergranular  path.  It  should  be  recognized,  however, 
that  this  criterion  may  sometimes  be  misleading  when  metallurgical 
or  environmental  factors  have  an  influence  on  the  path  of  cracking. 

As  an  example,  some  alloys  are  known  to  exhibit  both  intergranular 
and  transgranular  cracking.  As  another  example,  it  is  known  that 
the  path  of  cracking  in  some  alloys  can  be  controlled  between  trans- 
granular  and  intergranular  paths  simply  by  changing  the  environment. 

2.  Perhaps  the  most  useful  criterion  in  metal lographic  examinations  is 
that  stress-corrosion  cracks  usually  follow  branched  paths  through 
the  metal.  This  is  a  fairly  general  characteristic  and  applies 
whether  the  cracks  are  transgranular  or  intergranular.  Even  this 
criterion  is  not  universally  applicable,  however,  because  sometimes 
stress-corrosion  cracks  are  not  branched. 

3.  Another  characteristic  of  stress-corrosion  cracks  is  that  they 
usually  initiate  at  many  points  on  the  surface,  whereas  mechani¬ 
cally  induced  cracks  generally  have  one  point  of  initiation. 

However,  thi3  is  also  a  general  rather  than  a  universal  charac¬ 
teristic. 


Macroscopic  Appearance  of  Stress-Corrosion  Cracking 
_ in  Steels  With  High  Yield  Strengths _ 

The  microscopic  appearance  of  stress-corrosion  cracking  in  a  number  of  dirferent 
heat-treated  martensitic  steels  with  high  yield  strengths  is  presented  in  Figures  1  to  14. 
Figures  1  +-o  11  are  metallographic  cross  sections  and  in  all  cases  the  path  of  cracking 
is  from  the  top  of  the  photomicrograph.-  Figures  12  to  14  are  photomicrographs  taken  with 


*  See  References.- 


the  scanning  electron  microscope.  All  the  cracks  shown  developed  under  known  conditions  on 
several  different  types  of  stress-corrosion  specimens.  Some  specimens  were  exposed  to  lab¬ 
oratory  solutions,  whereas  others  were  exposed  to  marine  atmosphere,  flowing  sea  water,  or 
tidal  exposure.  The  latter  exposures  were  conducted  at  the  International  Nickel  Company 1 s 
test  facilities  at  Harbor  Island  and  Kure  Beach,  North  Carolina.  Each  figure  includes  per¬ 
tinent  information  concerning  the  steel  tested,  exposure  conditions,  and  exposure  time.  The 
chemical  compositions  of  the  steels  are  presented  in  Table  I. 

The  photomicrographs  shown  were  selected  as  being  generally  representative  of  the 
stress-corrosion  cracks  produced  by  the  stated  exposure  conditions.  They  were  chosen  from 
the  results  of  a  number  of  different  research  programs  conducted  by  the  Applied  Research 
Laboratory  over  the  past  several  years.  With  the  exception  of  Figures  13  and  14  which  show 
the  appearance  of  cracks  produced  by  applied  cathodic  current,  all  the  cracks  in  the  photo¬ 
micrographs  are  considered  to  be  stress-corrosion  cracks  in  accordance  with  the  definition2) 
of  this  phenomenon,  "Cracking  resulting  from  the  combined  effect  of  corrosion  and  stress." 
However,  for  some  of  the  cracks  shown,  the  actual  crack  propagation  mechanism  may  involve 
embrittlement  by  hydrogen  generated  at  the  cathodes  of  local  corrosion  cells  on  the  steel 
surface.  Cracks  of  this  type  are  nevertheless  still  regarded  as  examples  of  stress- 
corrosion  cracking,  the  definition  of  which  does  not  imply  a  mechanism. 

The  salient  features  of  each  of  the  photomicrt graphs  are  as  follows: 

Figure  1:  Cr-Mo-Si-V  alloy  steel  in  marine  atmosphere 

Crack  path  appears  to  be  intergranular  with  respect  to  prior 
austenite  grain  boundaries.  Relatively  little  branching  is 
evident. 

Figure  2:  Ni-Cr-Mo  alloy  steel  it  H2S  solution 

Crack  path  is  transgranular  as  evidenced  by  straight  portions 
of  cracks.  Crack  shows  extensive  branching,  and  multiple 
initiation  of  cracking  is  evident  at  corrosion  pits . 

Figure  3:  12Cr-Mo-V  stainless  steel  in  marine  atmosphere 

Crack  exhibits  extensive  branching  and  is  intergranular  with 
respect  to  prior  austenite  grain  boundaries. 

Figure  4:  Precipitation  hardenable  stainless  3teel  in  marine 

_  _ atmosphere _ 

Crack  is  unbranched  and  transgranular  as  evidenced  by  straight 
path. 

Figure  5:  18Ni-Co-Mo  maraging  steel  in  marine  atmosphere 

Photomicrograph  shows  multiple  sites  of  crack  initiation  at 
corrosion  pits.  Crack  path  is  not  apparent. 

Figure  6:  18Ni-Co-Mo  maraging  steel  in  marine  atmosphere 

Photomicrograph  shows  multiple  crack  initiation  at  corrosion 
pits.  Cracks  exhibit  relatively  extensive  branching,  but 
path  with  respect  to  grains  is  not  evident. 

Figure  7:  18Ni-Co-Mo  managing  steel  in  marine  acmosphere 

Crack  shows  moderate  branching  and  is  predominantly  intergranular. 

Figure  8:  18Ni-Co-Mo  maraging  steel  in  marine  atmosphere 

Crack  is  relatively  unbranched  and  appears  to  follow  planes  in 
the  structure.  Intergranular  and  transgranular  cracking  are 
both  evident. 

Figure  9:  I8N1-C0-M0  maraging  steel  in  sulfide  solution 

Crack  is  highly  branched  and  transgranular.,  V. 

\ 
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Figure  10:  12Ni-3Cr-3Mo  naraging  steel  with  weld  bead  in 
tidal  zone  _ 


Crack  is  unbranched  m  weld  metal  and  heat-affected  zone  but 
starts  to  branch  as  it  approaches  base  metal.  Path  is  pre¬ 
dominantly  intergranular  in  base  metal. 

Figure  11:  18Ni-Cr-Mo  tnaraqirq  steel  in  flowing  sea  water 

This  photomicrograph  shows  the  tip  of  a  propagating  crack  in 
a  precracked  wedge-open-loading  specimen.  Note  that  the  tip 
area  contains  a  large  number  of  branched,  transgranular  cracks. 
Application  of  fracture  mechanics  to  correctly  determine  the 
stress  intensity  is  not  possible  with  this  type  of  crack-tip 
behavior. 

Figure  12:  12Cr-Mo-V  stainless  steel  in  3  percent  NaCl  with 
_ applied  anodic  current _ 

With  these  exposure  conditions,  earlier  work^)  indicated  that 
the  cause  of  crack  propagation  is  active-path  corrosion. 
Recenlly,  however,  it  has  been  proposed^)  that  hydrogen  absorp¬ 
tion  is  responsible  for  crack  growth  even  with  applied  anodic 
current.  In  this  mechanism,  hydrogen  absorption  takes  place 
in  the  crack-tip  region  as  a  result  of  cathodic  discharge  of 
protons  resulting  from  hydrolysis  of  anodic-dissolution  pro¬ 
ducts.  Anodic  dissolution  is  thus  considered  to  be  necessary 
for  crack-tip  acidification  but  is  not  the  primary  crack-growth 
mechanism.  The  scanning  electron  micrograph  clearly  shows  that 
the  initial  portion  of  the  crack  is  intergranular  and  that 
corrosion  on  some  of  the  grain  surfaces  has  occurred.  The 
original  machined  surface  and  a  region  of  ductile  tearing  are 
also  evident. 

Figure  13:  12Cr-Mo-V  stainless  steel  in  3  percent  NaCl  with 
_ applied  cathodic  current _ 

With  applied  cathodic  currer.  ,  the  mechanism  of  crack  propaga¬ 
tion  is  hydrogen  embrittlem  it. 3)  The  scanning  electron  micro¬ 
graph  shows  that  the  crack  _n  the  area  shown  is  intergranular. 
Crack  branching  is  evident  at  the  grain  intersections. 

Figure  14:  12Cr-Mo-V  stainless  steel  in  3  percent  NaCl  w’ th 
_ applied  cathodic  current _ 

This  photomicrograph  shows  the  appearance  of  a  different  area 
of  the  same  specimen  described  in  Figure  13.  In  contrast  to 
Figure  13,  the  mode  of  crack  propagation  in  the  area  shown  is 
quasi-cleavage. 


Summary 

On  the  basis  of  the  photomicrographs  presented  herein  along  with  previous  experi¬ 
ence,  certain  generalizations  appear  to  be  justified  with  respect  to  microscopic  identifi¬ 
cation  of  stress-corrosion  cracking  in  heat-treated  martensitic  steels  with  high  yield 
strength. 

1.  Perhaps  the  most  consistent  observation  is  that  multiple  points 
of  surface  initiation  are  usually  observed  regardless  of  the 
particular  alloy  or  environment. 

2.  Branching  may  or  may  not  be  observed.  If  branching  is  observed 
in  an  investigation  of  a  service  failure,  it  is  certainly  sug; 
gestive  of  a  stress-corrosion  mechanism  as  the  cause  of  failure. 

However,  absence  of  branching  does  not  necessarily  ir  an  that 
stress-corrosion  is  not  a  factor. 

3.  With  respect  to  the  path  of  cracks  across  grains  or  along  grain 
boundaries,  the  following  patterns  are  generally  followed: 
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Steel 


Envir  prime  at 


Pattern 


Alloy  steel 

Marine 

Alloy  steel 

Sulfide 

Precipi tation-hardenab le 

Marine 

stainless  steel 

Maraging  steel 

Marine 

Maraging  steel 

Sulfide 

Intergranular 

Transgranular 

Transgranular 

Intergranular  or 
Transgranular 
Transgranular 
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SUMMARY 

The  proposed  application  of  titanium  alloys  as  thin  gage  radiative  metallic  heat  shields  in  the 
thermal  protection  system  of  space  shuttle  vehicles  has  generated  renewed  interest  in  hot  salt  stress 
corros;on  cracking,  and  how  it  may  impact  space  shuttle  design  considerations.  The  test  program 
described  herein  was  conducted  to  determine  if  onset  of  hot  salt  stress  corrosion  cracking  would  occur 
in  the  cumulative  exposu'e  of  time,  temperature,  and  stress  currently  considered  for  titanium  heat 
shields  in  the  shuttle  mission.  In  addition,  efforts  were  made  to  assess  the  effects  of  cyclic  exposure 
on  cracking,  to  compare  the  resistance  to  cracking  of  the  two  proposed  prime  candidate  alloys 
(Ti-6A1-4V  and  T:-6A>  -2Sn-4Zr-2Mo)  and  to  determine  the  effect  of  Mach  3  airflow  on  cracking 
behavior.  The  results  indicate  that  cracking  will  occur  on  salt  coated  specimens  continuously  exposed 
in  laboratory  ovens  for  100  hours  at  temperatures  and  stresses  proposed  for  shuttle  TPS  application.- 
However,  both  cyclic  exposure  and  exposure  in  a  Mach  3  airstream  tend  to  decrease  the  damage 
observed.  The  Ti-6Al-47  alloy  exhibited  a  higher  threshold  stress  than  the  Ti-6Al-2Sn-lZr-2Mo 
alloy  but  suffered  more  apparent  damage  once  onset  of  cracking  occurred. 
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HOT  SALT  STRESS  CORROSION  CRACKING  OF  TITANIUM  ALLOTS  - 
OVERVIEW  AND  IMPACT  ON  SPACE  SHUTTLE  APPLICATION 

by 

W.  Barry  Lisagor  and  James  E..  Gardner 
NASA  Langley  Research  Center 
Hampton,  Virginia,  U.S.A. 


INTRODUCTION 

The  proposed  application  of  titanium  alloys  to  space  shuttle  vehicles  has  generated  renewed  inter¬ 
est  in  the  phenomenon  of  hot  salt  stress  corrosion  cracking,  and  its  relevance  to  particular  shuttle 
requirements.  If  titanium  alloys  are  to  be  utilized  as  thin  gage  radiative  metallic  heat  shields  in  the 
shuttle  thermal  protection  system,  the  effects  of  hot  salt  stress  corrosion  cracking  on  design  considera¬ 
tions  must  be  determined.  Much  of  the  data  and  understanding  of  the  hot  salt  problem  were  developed 
in  support  of  supersonic  aircraft  application  and  will  be  directly  applicable  to  space  shuttle  technology. 
However,  space  shuttle  requirements  will  involve  higher  use  temperatures  but  shorter  cumulative  high- 
temperature  exposure  times  than  have  been  considered  before  for  the  aircraft  application.  Additional 
testing  to  the  shuttle  exposure  conditions  is  therefore  necessary  to  insure  optimum  design. 

Although  the  gi  neral  hot  salt  stress  corrosion  cracking  mechanism  has  been  substantiated  by 
experimental  progr  ms,  the  effects  of  specific  environmental  variables  on  the  cracking  process  are  not 
completely  understood.  Thus,  engineering  data  on  hot  salt  stress  corrosion  cracking  in  environments 
which  simulate  the  proposed  application  must  be  obtained  in  order  to  make  meaningful  predictions  on 
the  criticality  of  the  problem  for  that  application. 

Data  on  the  hot  salt  stress  corrosion  cracking  of  candidate  alloys  are  particularly  needed  at 
proposed  use  temperatures  exceeding  600°  F.  For  example,  titanium  alloy  sheet  has  been  proposed 
f<-.  use  in  the  space  shuttle  chermal  protection  system  for  maximum  operating  temperatures  as  high  as 
1C00°  F,  This  paper  presents  a  review  of  the  most  recent  work  r,n  hot  salt  stress  corrosion  cracking 
both  for  mechanisms  of  damage  and  engineering  data  found  in  the  literature.  Identification  and  descrip¬ 
tion  of  some  research  tools  found  to  be  particularly  suitable  for  •  he  study  of  this  phenomenon  are 
included.  Finally,  the  results  of  a  preliminary  study  of  the  effect j  of  hot  salt  exposure  on  titanium 
alloys  subjected  to  exposures  indicative  of  proposed  space  shuttle  application  are  presented. 

BACKGROUND 

Historically,  hot  salt  stress  corrosion  cracking  has  been  an  unusual  problem  compared  to  other, 
more  classical,  forms  of  stress  corrosion  cracking.  Its  occurrence  has  been  widely  demonstrated  in 
controlled  laboratory  tests,  but  no  service  failures  have  been  directly  related  to  hot  salt  stress  corro¬ 
sion  cracking  even  thougti  laboratory  tests  indicate  that  failures  from  this  phenomenon  should  result 
from  some  use  conditions.  Also,  the  basic  mechanism,  hydrogen  embrittlement  of  the  material  in  the 
vicinity  of  salt  deposits,  has  been  well  supported  experimentally.  Lingwall  and  Ripling  (ref.  1)  proposed 
a  hydrogen  embrittlement  mechanism  and  supported  it  by  tests  on  the  thermal  and  mechanical  behavior 
of  materials  and  on  anodic  protection  experiments.  Ondrejcin  and  others  (ref,  2)  have  presented  a 
comprehensive  mechanistic  study,  again  identifying  a  hydrogen  embrittlement  mechanism,  supported  by 
several  metallurgical  and  chemical  experiments.  Hydrogen  concentration  determinations  have  beer, 
made  by  vacuum  fusion  analysis  reported  by  Gray  (ref.  3)  and  Lisagor  and  others  (ref.  4)  showing 
increases  in  hydrogen  content  near  the  fracture  surfaces  of  stress  rupture  specimens  exposed  in  a  hot 
salt  environment.  Gray  has  also  recently  reported  (ref.  5)  a  new  analytical  technique  for  measuring 
hydrogen  content  by  ion-microprobe  mass-spectrometric  analysis.  The  technique  involves  the  removal 
of  very  small  thicknesses  of  material  by  a  focused  beam  of  argon  ions  and  analyzing  the  material  removed 
by  mass -spectrometry.  Hydrogen  contents  approaching  10,000  ppm  were  measured  in  areas  adjacent 
to  the  fracture  surface  of  stress  rupture  specimens- 

In  addition  to  the  recent  information  found  in  the  literature  on  hot  salt  stress  corrosion  cracking 
mechanisms,  data  reflecting  the  engineering  performance  of  specific  alloys  with  respect  to  this  phe¬ 
nomenon  are  available  (refs,  6  and  7).  Although  this  information  resulted  irom  studies  which  were 
more  concerned  with  aircraft  application,  the  general  materials  behavior  observed  could  be  meaningful 
for  certain  space  shuttle  operating  conditions. 

TEST  SPECIMENS  AND  PROCEDURES 

Materials  and  Specimens 

The  titanium  alloys  included  in  the  study  are  the  prime  candidate  alloys  proposed  for  space  shuttle 
application;'  Ti-6A1-4V  in  the  annealed  condition,  and  Ti-6Al-2Sn-4Zr-2Mo  in  the  duplex  omualed  condi¬ 
tion  The  materials  were  procured  as  commercially  produced  to  manufacturer’s  internal  specifications 
The  alloys  were  in  sheet  form  with  a  nominal  gage  thickness  of  0,040  inch 
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The  specimen  used  for  the  test  program  was  of  the  self-stressed  type  developed  at  the  Langley 
Research  Center  of  the  National  Aeronautics  and  Space  Administration  (ref.  8).  The  configuration  and 
details  of  the  specimen  are  shown  In  figure  1.  Strips  of  each  alloy  0.040  by  0.25  by  4.0  inches  are 
preformed  at  each  end  as  in  figure  1(a)  and  spotwelded  together  as  in  figure  1(b).  In  this  configuration, 
the  specimen  has  a  uniform  outer  fiber  stress  in  the  curved  section.  The  stress  level  is  determined  by 
the  radius  of  curvature  and  can  be  calculated  by  its  chord  height  (ref.  8).  Specimens  of  both  alloys 
were  stressed  such  that  the  nominal  outer  fiber  stresses  at  exposure  temperature  were  24  and  45  ksl. 
Unexposed  specimens  in  this  configuration  are  bend  tested  at  room  temperature  to  determine  degree  of 
bend  ductility  (fig.  1(c)).  Specimens  damaged  by  environmental  exposure  resulting  in  stress  corrosion 
cracking  or  embrittlement  show  varying  losses  of  bend  ductility  (fig.  1(d))  compared  to  unexposed 
specimens.  This  specimen  configuration  was  selected  for  this  test  program  because  it  has  been  shown 
to  be  extremely  sensitive  for  revealing  damage  caused  by  hot  salt  exposure  and  is  easily  exposed  to  a 
wide  variety  of  test  conditions.  However,  the  specimen  is  of  the  constant  deflection  type  and  care  should 
be  taken  to  determine  that  stress  relaxation  has  not  affected  observed  results  when  exposures  involve 
high  temperatures  and  stresses. 

High-Temperature  Exposure  Procedures 

Laboratory  Oven  Exposures.-  Specimens  of  both  alloys  were  salt  coated  in  the  curved  test  section 
to  a  uniform  salt  film  density  of  10  mg/in^  by  repetitively  spraying  them  with  a  3.5-percent  NaCl  solu¬ 
tion  and  warm  air  drying.  This  salt  density  is  slightly  higher  than  that  reported  by  Ashbrook  for  a 
severe  service  exposure  (ref.  9).  Specimens  stressed  to  both  stress  levels  were  then  exposed  to  the 
desired  time-temperature  exposure  conditions  in  laboratory  ovens  in  which  slowly  moving  air  at  ambient 
pressure  was  circulated.  Specimens  of  both  alloys  were  salt  coated  and  exposed  together  for  each 
exposure  condition.  Specimens  were  exposed  at  700°,  800°,  900°,  and  1000®  F  for  a  total  accumulated 
exposure  time  of  100  hours.  Some  specimens  were  exposed  continuously  at  temperature  for  100  hours 
while  others  were  exposed  for  either  four  cycles  of  25  hours  or  for  100  cycles  of  1  hour  with  cooling  to 
ambient  temperature  between  cycles.  This  was  done  in  order  to  assess  the  effect  of  frequency  of 
cycling  at  the  higher  temperatures.  Cycle  length  has  been  shown  to  be  highly  significant  in  similar 
tests  at  600°  F  (ref.  4). 

Wind-Tunnel  Exposures.-  Specimens  of  both  alloys  stressed  to  24  ksi  were  also  exposed  in  a  small, 
continuously  operating,  Mach  3  wind  tunnel  known  as  the  Supersonic  Materials  Environmental  Test 
System  (SMETS)  located  at  the  Langley  Research  Center.  Specimens  were  salt  coated  using  the  same 
procedure  as  was  described  for  the  laboratory  oven  exposures  and  were  exposed  at  700°  F  for  100  hours 
cumulative  exposure  time.  Static  pressure  on  the  specimen  surfaces  was  approximately  0.06  atmosphere 
for  the  wind-tunnel  tests.  Both  continuous  and  cyclic  exposure  were  used  as  in  the  laboratory  oven 
tests.  The  tunnel  test  section,  with  specimens  in  place  for  exposure,  is  shown  in  figure  2.  The  test 
section  is  3  by  5  inches  and  holds  28  self-stressed  specimens  for  a  given  exposure.  Dummy  specimens 
are  positioned  at  the  front  and  rear  of  the  test  section  to  insure  smooth  airflow  over  the  actual  test 
specimens.  At  various  positions  along  the  test  section,  other  dummy  specimens  are  positioned  to  moni¬ 
tor  and  control  exposure  temperature.  Salt  coated  and  control  specimens  of  each  alloy  were  exposed 
together  for  each  exposure  condition. 

Room-Temperature  Bend  Test  and  Analysis  Procedures 

After  completion  of  each  laboratory  oven  or  wind-tunnel  exposure  condition,  specimens  were  bend 
tested  at  room  temperature  to  determine  relative  bend  ductility  compared  to  unexposed  specimens.  The 
test  was  conducted  by  loading  the  specimens  in  axial  compression  (fig.  1(c))  until  fracture  occurred. 

The  maximum  load  and  the  specimen  deflection  to  fracture  were  recorded. 

After  bend  testing,  specimens  were  examined  using  low  magnification  stereo  microscopy  and 
scanning  electron  microscopy  to  observe  the  severity  of  cracking,  and  to  conduct  a  detailed  characteri¬ 
zation  of  individual  surface  cracks  and  their  resulting  fracture  surfaces. 

RESULTS  AND  DISCUSSION 

Environmental  Tests 

Continuous  Exposure.-  Exposure  conditions  were  selected  to  determine  if  hot  salt  cracking  would 
be  initiated  in  the  regime  of  time,  temperature,  and  stress  which  might  be  considered  for  the  space 
shuttle  thermal  protection  system  application.  In  addition,  the  performance  of  the  two  alloys,  the  effects 
of  cyclic  versus  continuous  exposure,  and  the  effects  of  airstream  velocity  on  hot  salt  cracking  were 
compared. 

Results  of  tests  on  both  the  Ti-6A1-4V  and  Ti-6Al-2Sn-4Zr-2Mo  alloys  after  exposure  at  700°, 

800°,  and  900°  F  In  a  laboratory  oven  are  shown  In  figure  3 .  The  nominal  outer  fiber  stress  of  the 
specimens  at  temperature  was  24  ksi.  Plotted  on  the  ordinate  is  the  relative  bend  ductility  of  specimens 
after  exposure,  shown  as  a  percentage  of  the  bend  ductility  determined  for  unexposed  specimens.  The 
relative  bend  ductility,  which  is  a  very  sensitive  indicator  of  damage  caused  during  the  exposure,  is  shown 
as  a  function  of  exposure  temperature  for  a  continuous  100-hour  exposure.  The  data  shown  by  the  open 
symbols  are  for  an  average  of  four  (4)  salt  coated  test  sppeimens;  upper  and  lower  limits  arc  shown  as 
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well  as  the  average  value  Each  closed  symbol  represents  a  test  specimen  which  was  exposed  lor  the 
same  time,  temperature ,  and  stress  indicated  without  salt..  The  results  indicate  that  the  Ti-6A!-4V 
alloy  is  more  resistant  to  hot  salt  cracking  than  the  Ti-6Al-2Sn-4Zr-2Mo  alloy  at  an  exposure  stress 
of  24  ksi. 

Post-test  examination  of  all  specimens  revealed  no  secondary  corrosion  cracks  (fig.  4)  in  the 
Ti-6A1-4V  alloy  at  this  stress  level,  indicating  that  the  decrease  in  relative  bend  ductility  observed  was 
a  result  of  low-temperature  aging.  The  Ti-6Al-2Sn-4Zr-2Mo  alloy,  however  did  contain  secondary 
corrosion  cracks  (fig.  4)in<hcating  that  the  threshold  stress  for  this  alloy  is  lower  than  24  ksi  for  a 
continuou.  100-hour  exposure  at  chese  temperatures. 

Data  are  shown  on  figure  5  for  both  alloys  with  a  nominal  outer  fiber  stress  of  45  ksi  and  exposed 
continuously  for  100  hours  at  700°,  800°,  and  900°  F.  The  threshold  stress  for  onset  of  cracking  was 
exceeded  for  the  Ti-6A1-4V  alloy  at  this  stress  level.  The  relative  bend  ductility  for  the  Ti-6A1-4V 
alloy  was  reduced  to  approximately  20  percent,  compared  to  the  80-percent  level  for  specimens  exposed 
at  24  ksi.  However,  Ti-6Al-2Sn-4Zr-2Mo  alloy  specimens  at  700°  F  exhibited  a  somewhat  higher 
relative  bend  ductility  than  was  observed  at  the  lower  stress.  This  was  unexpected  and  may  possibly 
be  due  to  the  inherently  less  ductile  behavior  oi  this  alloy  and  to  the  type  of  bend  test  utilized..  It  should 
be  notec. ,  however,  that  the  test  is  primarily  designed  to  indicate  threshold  levels  for  crack  initiation 
and  not  to  measure  degree  of  damage  once  onset  of  cracking  has  occurred.  The  slight  increase  in 
relative  bend  ductility  observed  for  both  alloys  at  900°  F  may  be  attributed  to  stress  relaxation  at  this 
temperature..  Specimens  were  also  exposed  at  1000°  F,  but  were  not  included  on  the  figures  after  post¬ 
exposure  X-ray  stress  analysis  revealed  that  extensive  stress  relaxation  had  occurred. 

The  surface  appearance  after  exposure  and  testing  of  both  alloys  stressed  to  45  ksi  is  shown  in 
figure  6.  The  Ti-6A1-4V  alloy  exhibited  more  severe  cracking  at  these  exposure  conditions  than  did  the 
Ti-6Al-2Sn-4Zr-2Mo  alloy,  but  both  exhibited  secondary  cracking  which  can  be  seen  adjacent  to  the 
primary  fracture  in  each  case.- 

Analysis  by  Scanning  Electron  Microscopy.-  The  photomicrographs  of  figures  4  and  6  provide 
reasonable  observation  of  the  secondary  cracking  caused  by  the  hot  salt  exposure,  but  limitations  on 
conventional  optical  microscopy  prevent  a  detailed  analysis  at  high  magnification  of  these  cracks. 
Specimens  examined  using  scanning  electron  microscopy  can  be  characterized  in  much  more  detail. 

Scanning  electron  micrographs  of  a  Ti-6A1-4V  specimen,  after  exposure  and  bend  testing,  are 
shown  in  figure  7.:  Small  surface  cracks  are  apparent  in  the  area  adjacent  to  the  primary  fracture 
(fig.  7(a)).  Cracks  tend  to  be  numerous  and  low  magnification  scans  enable  one  to  survey  areas  of 
interest  and  concentrate  when  desirable  to  more  detailed  analysis  at  higher  magnifications..  Detailed 
examination  of  a  single  surface  crack  (figs..  7(b/-(e))  at  higher  magnification  shows  that  embrittlement 
associated  with  the  hot  salt  stress  cc-rosion  cracking  process  is  high* r  localized.  From  the  surface  of 
the  specimen  to  a  depth  of  approximately  20u,  the  fracture  surface  exhibits  a  brittle  appearance  that  is 
primarily  intergranular  (fig.  7(e)) «  However,  the  fracture  morphology  changes  to  a  ductile,  dimple,  type 
rupture  beyond  the  locally  embrittled  depth  (fig.  7(d)). 

With  the  aid  of  the  scanning  electron  microscope,  analysis  can  be  ma  le  from  the  lowest  magnifica¬ 
tion,;  where  several  surface  cracks  are  visible,  to  a  detailed  characterization  of  the  fracture  morphology 
of  a  single  preselected  surface  crack. 

Cyclic  Exposure.-  The  results  of  the  continuous  exposure  tests  inc’.cate  that  hot  salt  stress  corro¬ 
sion  cracking  does  occur  in  time,  temperature,  and  stress  conditions  encompassing  values  which  may 
be  encountered  in  shuttle  operating  conditions.  However,  the  results  were  obtained  in  continuous 
100-hour  tests  and  effects  of  cycling  and  air  velocity  were  not  included.  The  results  of  tests  on  both 
alloys  in  which  the  cycle  duration  and  number  were  varied  to  accumulate  a  total  exposure  time  of 
100  hours  are  shown  m  figure  8.  Exposure  temperature  for  these  tests  was  700°  F,  and  results  of  tests 
on  both  24  and  45  ksi  stressed  specimens  are  shown..  The  results  suggest  that  cycle  duration  and  fre¬ 
quency  have  a  significant  effect  on  the  extent  of  hot  salt  stress  corrosion  cracking  of  both  alloys  with 
shorter  cycle  duration  and  higher  frequency  resulting  in  much  less  damage.  This  effect  of  cycle  dura¬ 
tion  and  frequency  suggests  the  need  for  clearly  defining  the  thermal  and  load  histories  which  are 
expected  in  areas  where  titann  m  alloys  will  be  utilized  so  that  accurate  assessments  of  the  significance 
of  tne  hot  salt  problem  may  be  made.  Again,  the  lower  stressed  specimens  of  the  Ti-6Al-2Sn-4Zr-2Mo 
alloy  showed  greater  loss  in  bend  ductility  contrary  to  what  might  be  expected. 

Effect  of  Air  Velocity  -  A  comparison  of  the  c'ackmg  behavior  of  specimens  exposed  in  labora¬ 
tory  air  ovens  and  of  those  exposed  in  the  small  wind  tunnel  are  shown  in  figure  9.  Tesla  on  the 
Ti-6Al-2Sn-4Zr-2Mc  alloy  exposed  at  700°  F  and  24  ksi  nominal  outer  fiber  stress  are  shown.  Relative 
bend  ductility  is  shown  as  a  function  of  evie  duration  and  frequency  to  a  cumulative  100-hcur  exposure 
The  results  indicate  that  very  little  damage  was  observed  on  specimens  exposed  in  the  wind  tunnel  tor 
eitlei  continuous  or  cyclic  exposures  This  may  be  attributed  to  either  the  removal  of  salt  from  the 
spjcimcn  surfaces  which  was  observed  to  oceur,,  or  to  variations  m  the  chemical  processes  winch  must 
occur  for  cracking  to  take  place.  The  principal  chemical  reactions,  the  pyrohydrolysis  of  the  .-.alt  to 
hydrogen  halide  and  reaction  oi  the  hydrogen  halide  with  the  surface  oxide  (ref  2),  may  be1  pressure 
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dependent.  Laboratory  oven  exposures  were  made  at  atmospheric  pressure  while  wind-tunnel  exposures 
resulted  in  a  static  pressure  of  0.06  atmosphere  on  the  specimens.  The  combined  effects  of  short- 
cycle  duration  and  high-velocity  airflow  result  in  little  or  no  direct  damage  caused  by  hot  salt. 

CONCLUDING  REMARKS 

The  following  concluding  remarks  are  made  based  on  the  results  of  the  study  described  herein: 

1.  Hot  salt  stress  corrosion  crack  initiation  does  occur  in  the  time-temperature-stress  regime  of 
conditions  considered  desirable  for  optimum  space  shuttle  operation,  based  on  continuous  100-hour 
tests  of  salt  coated  titanium  alloy  specimens.  However,  cyclic  exposures,  particularly  of  short  duration, 
and  exposures  in  Mach  3  airflow  both  tend  to  decrease  the  amount  of  damage  observed  to  the  point  where 
little  or  no  direct  damage  was  observed  on  specimens  exposed  for  100  hours  in  1-hour  cycles.  The 
need  for  clearly  defined  operating  conditions  of  surface  temperature  and  load,  accurately  determined 
as  functions  of  time  is  obvious ,  and  additional  multiparameter  tests  appear  in  order  to  determine  if  hot 
salt  stress  corrosion  cracking  must  be  considered  in  the  design  of  hardware.  2.,  The  Ti-6A1-4V  alloy 
exhibited  a  higher  threshold  stress  than  the  Ti-6Al-2Sn-4Zr-2Mo  alloy  at  the  temperatures  investigated. 
At  higher  stress  levels,  the  Ti-6A1-4V  alloy  appeared  to  show  more  sensitivity  to  cracking  and  somewhat 
more  degradation.  The  Ti-6Al-2Sn-4Zr-2Mo  alloy  did  not  exhibit  secondary  cracking  as  severe  as  the 
Ti-6A1-4V  alloy  at  stress  levels  exceeding  the  threshold  value  for  both  alloys.  3.;  The  mechanism  for 
hot  salt  stress  corrosion  cracking  appears  to  be  more  clearly  defined  than  other  stress  corrosion 
phenomena.  This  mechanism  has  been  supported  with  the  aid  of  recently  developed  research  tools  such 
as  the  ion  microprobe  mass  analyzer  and  scanning  electron  microscope. 
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Figure  4.-  Surface  appearance  near  vicinity  of  primary  fracture  of 
salt  coated  titanium  alloys  exposed  continuously  for  100  hours  at 
a  stress  of  24  ksi.  (5X  magnification  ) 
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Figure  5.-  Effect  of  temperature  and  hot  salt  on  bend  ductility  of 
titanium  alloys  exposed  continuously  for  100  hours  at  a  stress 
of  45  ksi.  (Closed  symbols  are  control  specimens.) 
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Figure  6.-  Surface  appearance  near  vicinity  of  primary  fracture  r  f 
sad  coated  titanium  alloys  exposed  continuously  for  100  hours  at 
a  stress  of  45  ksi.  (5X  magnificat.on.) 
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Figure  7.-  Scanning  electron  microscope  images  of  a  Ti-6Al-4V  salt 
coated  self-stressed  specimen  after  exposure  and  bend  testing.. 
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Figure  7.-  Concluded.- 
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Figure  8.-  Effect  of  stress  level  and  cyclic  exposure  on  relat”/e 
bend  ductility  of  titanium  alloys..  (Specimens  exposed  at 
700°  F  for  a  total  time  of  100  hours.) 
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Figure  9.-  Effect  of  air  velocity  and  cyclic  exposure  on  relative  herd 
ductility  of  Ti-6Al-2Sn-4Zr-2Mo  stressed  to  24  ksi.  (Specimens 
exposed  at  700°  F  for  a  total  time  of  100  hours.) 
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THE  USE  OF  SLOW  STRAIN-RATE  EXPERIMENTS  IN 
EVALUATING  RESISTANCE  TO  ENVIRONMENTAL  CRACKING 

by 

Janes  E.  Reinoehl 


Walter  K.  Boyd 


SUMMARY 


This  paper  describes  an  experimental  procedure  to  evaluate  resistance  to  stress-corrosion 
cracking.  Relative  degrees  of  susceptibility  to  environmental  cracking  and  embrittlement  can  be  deter¬ 
mined  as  a  function  of  mechanical  ductility  parameters  (e.g.,  reduction  in  area,  elongation,  etc)  or  as 
a  function  of  electrochemical  polarization  parameters  (e.g.,  electrode  potential,  tH,  solution  composition, 
etc)  by  pulling  cylindrical  tensile  specimens  at  a  suitable  slow  strain  rate  vhile  they  are  subjected 
Co  controlled  electrochemical  and  environmental  conditions  (e.g.,  electrode  potential,  solution  compo¬ 
sition,  temperature,  etc). 


INTRODUCTION 


Most  corrosion  experiments  are  time  consuming  since  they  involve  exposing  specimens  to  a 
corrosive  environment  until  some  deterioration  occurs.  Similarly,  most  environmental  cracking  tests 
involve  exposing  stressed  specimens  of  simple  or  complex  configurations  to  an  aggressive  environment 
which,  by  prior  experience,  has  been  shown  to  promote  cracking  of  thi  alloy.  When  a  specimen  cracks  it 
less  time  than  the  duration  of  the  experiment,  the  relative  susceptibility  of  that  alloy  to  environmental 
cracking  can  be  expressed  quantitatively  by  the  time  to  failure.  Unfortunately,  however,  some  specimens 
will  not  be  subject  to  environmental  cracking  for  very  long  periods  of  time;  if  these  resist  cracking 
Jor  the  duration  of  the  experiment,  the  alloy  is  commonly  considered  to  be  "immune"  to  cracking.  To  be 
sure  of  true  immunity,  however,  one  would  have  to  expose  the  specimen  for  infinite  time.  Obviously,  this 
is  impractical  in  engineering  applications,  so  that  a  number  of  subjective  judgments  must  be  made  in 
evaluating  time-exposure  data. 

One  method  which  is  comnonly  used  to  speed  up  the  generation  of  time-exposure  data  is  to  in¬ 
crease  the  severity  of  the  test  by  such  means  as  (1)  increasing  the  relative  aggressiveness  of  the  en¬ 
vironment  by  altering  its  composition,  temperature,  pressure,  etc.,  or  (2)  increasing  the  relative  sus¬ 
ceptibility  of  the  alloy  by  means  of  a  suitable  heat  treatment,  or  the  introduction  of  a  notch  or  prccratk. 
Many  of  these  experimental  conditions  are  difficult  to  reproduce  in  repetitive  exposures  or  even  to  retain 
during  a  lengthy  exposure.  Thus  the  data  that  result  from  exposure  tests  are  subject  to  considerable 
scatter. 


Many  of  the  objections  can  be  circumvented  by  selecting  the  environmental  and  stressing  vari¬ 
ables  such  that  all  specimens  will  fail  within  a  definite  period  of  time.  For  example,  if  tensile 
specimens  are  pulled  at  a  slow  strain  rate  of  about  1%/n-  while  subjected  to  cracking  or  noi.cracking 
environments,  fracture  will  occur  within  a  day  whether  it  be  by  a  ducti’e  mechanical  node  or  by  a  brittle 
environmental  cracking  mode.  By  carefully  controlling  the  strain  rate  and  electrochemical  conditions, 
then  a  wide  range  of  different  mechanical  and  corrosion  behaviors  can  be  induced.  Thus,  ductility  para¬ 
meters  such  as  percent  reduction  in  area  or  percent  elongation  may  provide  quantitative  information 
about  the  relative  degrees  of  susceptibility  of  different  materials  to  environmental  cracking  in  a 
specific  environment  or  the  relative  degree  of  aggressiveness  of  different  environments  in  promoting 
cracking  of  a  specific  material.  Complementary  microscopic  examinations  of  the  fractured  specimens 
provide  additional  information  regarding  the  mechanisms  whicli  were  involved  in  the  fracture  process. 
However,  regardless  of  possible  controversies  over  describing  the  mechanism  involved,  the  numerical 
data  obtained  provide  objective  engineering  information  as  to  the  mechanical  properties  of  materials 
under  carefully  controlled  environmental  conditions.-  This  paper  describes  the  apparatus  used  for  slow 
strain-rate  tests  of  environmental  cracking  and  discusses  the  influence  oi  a  number  of  electrochemical 
and  mechanical  parameters  in  promoting  environmental  cracking  and  embrittlement., 
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THE  SLOW  STRAIN-RATE  TECHNIQUE 


Apparatus 


The  apparatus  used  in  the  environmental  cracking  test  at  slow  strain  rates  are  similar  to  those 
oescribed  by  Parkins  and  coworkers. W  The  prir  ipal  components  are  pictured  in  Figure  1.  The  actual 
test  ceil  13  seen  in  the  middle  of  the  photograph-  A  length  of  glass  (or  TFE)  ibing  between  twc 
rubber  stoppers  confines  approximately  50  ml  of  solution  around  a  cylindrical  tensile  specimen  ma  rhined 
from  the  alloy  to  be  examined.  The  remainaer  of  the  apparatus  serv&s  to  control  the  mechanical  and 
electrochemical  conditions  of  the  test. 


FIGURE  1.  APPARATUS  FOR  CONDUCTING  ENVIRONMENTAL  CRACKING  TESTS  AT  SLOW  STRAIN  RATES  AND  aPPLIED  POTENTIALS 


A  1/4-hp  motor  is  connected  to  a  series  of  gears  so  as  to  move  the  crossheaJ  at  a  fixed  rate. 
Since  one  end  of  the  cylindrical  tensile  test  specimen  is  affixed  to  the  moving  crosshead  and  the  other 
end  is  affixed  to  a  stationary  load  cell,  the  specimen  is  slowly  extended  at  a  rate  which  is  determined 
by  the  combination  of  gears  selected.  The  apparatus  pictured  is  constructed  to  achieve  strain  ra<es  in 
the  range  between  about  5.4  and  0.47,/hr  during  plastic  deiermation  of  the  gage  length  of  the  tensile 
specimen.  Tnese  strain  rates  conveniently  induce  varying  degrees  of  SCC  in  mild  3teels  in  test  times 
ranging  from  several  hours  (for  the  fastest  strain  rate)  to  several  da  vs  (for  the  slowest).  While  the 
slowest  strain  rate  pro  rotes  the  greatest  degree-  of  SCC,  an  intermediate  strain  rate  of  about  17/hr 
has  been  found  to  be  the  most  ce  ivonrent  to  use  for  screening  tests  on  mild  steels  in  caustic  and  car¬ 
bonate-bicarbonate  environments  since  it  give,  one  result  per  maolime  per  dry.  These  strain  rates  are 
slower  than  tht  slowest  strain  rate  of  common  coi.u  >voial  tensile  testing  machines.  The  faster  strain 
rates  whic  i  are  attained  on  commercial  testing  math  nes  are  oeiieved  to  he  suitable  only  for  evaluating 
alloy-environment  comoinations  wliiso  are  very  s.'sreptible  to  ei.vircrmem.al  cracking  phenomena.  For 
example,  some  lron-nitxel  allo.s  will  develop  stress-corrosion  ci..  in  -27,  MgCl-  solutions  when  teslta 
at  strain  cates  as  fost  a  .  '/minute.  (2) 
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While  a  alow  strain  rate  may  induce  environmental  cracking  and  embrittlement  under  conditions 
which  would  be  unexpected  on  the  basis  of  experience  with  tests  conducted  under  static  loads,  ductile 
fracture  still  will  occur  in  most  environments  unless  the  electrochemistry  of  the  system  is  diligently 
controlled.  The  potentiostat  shown  in  Figure  1  is  used  to  control  the  potential  of  the  specimen  at  a 
value,  with  respect  to  a  saturated  calomel  reference  electrode,  which  is  selected  on  the  basis  of  relevant 
features  of  potentia 1/current  curves.  For  example,  selective  corrosion  attack  and  environmental  cracking 
are  expected  tc  be  most  severe  at  imposed  potentials  corresponding  to  regions  of  negative  slope  in  the 
potentia 1/current  curve.  Also,  a  breakdown  potential  similar  to  that  used  to  describe  the  onset  of 
pitting  may  characterize  environmental  cracking  conditions. (3)  Accordingly,  a  few  specific  ranges  of 
potentials  can  be  selected  which  will  optimize  the  chances  of  occurrence  of  environmental  cracking 
phenomena  and  relative  amounts  cf  lo»s  of  ductility  can  be  determined  as  a  function  of  potential  in 
each  range.  It  is  noted  that  a  plot  of  relative  loss  of  ductility  as  a  function  of  potential  will  fre¬ 
quently  give  a  bell-shaped  curve  that  is  not  unlike  a  probability  distribution.  Degrees  of  severity  of 
cracking  can  thus  be  shown  for  specific  combinations  of  mechanical  and  electrochemical  conditions. 

A  cracking  tendency  may  also  be  enhanced  by  conducting  the  slow  strain-rate  test  at  an  elevated 
temperature.  A  pronounced  cracking  tendency  may  be  observed  at  near  boiling  when  identical  mechanical 
and  electrochemical  conditions  give  little  if  any  loss  of  ductility  at  room  temperature.  The  effect  of 
temperature  on  the  propensity  of  mild  steel  to  develop  stress-corrosion  cracks  in  an  ammonium-nitrate 
solution  is  shown  in  Figure  2.  The  degree  of  severity  of  cracking  increases  steadily  with  temperature 


%  Reduction  in  Area 


FIGURE  2.  EFFECT  OF  TEMPERATURE  ON  THE  LOSS  OF  DUCTILITY  OF  l  CARBON-MANGANESE  STEEL  IN  20%  NH  NO. 
SOLUTION  AT  A  STRAIN  RATE  OF  0.36%/HR 


until  ductile  mechanical  behavior  is  virtually  lost  at  temperatures  above  70°C.  While  these  oata  indi¬ 
cate  rtiat  cracking  will  not  occur  at  ambient  temperature  for  these  experimental  conditions,  they  also 
give  no  indication  of  a  unique  threshold  temperattre  below  which  stress-corrosion  cracking  will  not 
■  ccur.  Accordingly,  a  slower  slrain  late  combined  with  a  carefully  selected  controlled  potential 
might  be  expected  to  induce  a  cracking  tendency  even  at  temperature  below  ambient.  Also,  careful 
selection  of  the  mechanical,  electrochemical,  and  thermal  conditions  of  a  slow  strain--ate  test  might 
induce  losses  of  .1  -,1fty  m  some  seemingly  Innocuous  er vironments . 


IMTERPRETATION  OF  RESULTS 


Relative  susceptibilities  to  environmental  cracking  may  be  classified  by  comparing  times  to 
fracture  or  ductility  parameters  (e.g.,  reduction  in  are)  or  elongation,  as  determined  from  the 
fractured  specimen)  with  similar  parameters  determined  for  a  purely  ductile  fracture.  Relative  cracking 
tendencies  thus  may  be  expressed  as  a  percent  loss  of  ductility.'^'  Cracking  is  confirmed  by  visual  and 
metallo graphic  examination.  The  latter  has  the  aoded  benefit  of  showing  a  wide  variety  of  "pit"  con¬ 
figurations  associated  with  nucleatlon  sites  for  stress-corrosion  cracks. 

Additional  Information  can  be  gained  by  recording  the  load,  measured  by  the  load  cell  (Figure 
1),  on  a  strip-chart  recorder.  Mechanical  properties  such  as  yield  stresses,  ultimate  tensilt  stresses, 
and  fracture  stresses  may  thus  be  compared  for  varying  degrees  of  susceptibility  to  environmental 
cracking.  Different  types  of  environmental  cracking  and  embrittlement  give  markedly  different  load¬ 
time  curves  much  the  same  as  ductile  and  brittle  materials  have  characteristically  different  behaviors. 

The  plastic  deformation  and  fracture  behavior  of  a  material  under  the  influence  of  a  controlled  liqi  id 
environment  may  thus  be  studied.  It  is  also  informative  to  note  natural  corrosion  potentials  of  the 
alloy  in  the  environment  before  and  after  the  test.  These  may  reilect  the  presence  or  absence  of  a 
pstsive  film  on  the  alloy.  When  potentiostatic  control  is  maintained  on  the  specimen,  current  transients 
may  be  recorded  as  an  indication  of  the  electrochemical  kinetic  processes  which  occur  as  the  specimen 
is  being  plastically  strained. 

Thus,  both  mechanical  and  electrochemical  parameters  may  be  recorded  simultaneously  in  the 
slow  strain-rate  test  for  environmental  .racking.  These  may  be  interpreted  in  terms  of  fracture  mechanics 
concepts  or  in  terms  of  preferential  corrosion  behavior.  Since  both  mecnanical  and  elect. ochemical 
phenomena  interact  in  environmental  cracking,  proper  interpretation  of  these  data  may  reveal  the  mechanical 
and  the  electrochemical  contributions  to  the  process  of  environmental  cracking. 


CONCLUSIONS 


Relative  degrees  of  susceptibility  to  environmental  cracking  and  embrlttlemert  can  be  determined 
as  a  function  of  mechanical  ductility  parameters  (e.g.,  reduction  ir  area,  elongation,  etc)  or  as  a 
function  of  electrochemical  polarization  perameters  (e.g.,  electrode  potential,  pH,  solution  composition, 
etc)  by  pulling  cylindrical  tensile  specimens  at  a  suitable  slow  strain  rate  while  they  are  subjected 
to  controlled  electrochemical  and  e ivlronmental  conditions  (  .g.,  electrode  potential,  solution  compo¬ 
sition,  temperature,  etc).  A  definite  result  is  obtained  wiLhin  hours  or  days  by  this  method  whether  the 
combination  of  alloy  and  environment  is  highly  susceptible  or  highly  resistant  to  environmental  cracking. 
By  careful  selection  and  control  of  electrochemical,  metallurgical,  and  mechanical  variables  ao  as  to 
oromote  optimum  conditions  for  environmental  cracking,  an  objective  evaluation  of  the  relative  suscepti¬ 
bilities  of  different  alloy  compositions  and  structures  may  be  made.  Also,  an  improved  understanding  of 
environmental  cracking  phenomena  results  from  the  determination  of  the  optimum  electrochemical,  metal¬ 
lurgical,  and  mechanical  conditions  for  their  promotion. 
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INTRODUCTION 

Stress  corrosion  teeting  is  generally  performed  for  one  or  more  of  the  following  reasons:  ( 1) 
to  compare  the  susceptibility  of  various  materials  -nd  fabrication  methods,  (2)  to  evaluate  methods  for 
protection  or  alleviation,  and  (3)  to  identify  proper  design  practices.  Tiese  tests  fall  into  two  major 
categories,  conventional  and  fracture  mechanics.  Conventional  tests  use  uncracked  specimens  to  determine 
time-to-failure  versus  applied  stress,  threshold  stress  values,  and  crack  growth  rates.  Specimens  used  in 
conventional  testing  include  smooth  tensile,  bent  beam,  U-bend  and  C-ring.  These  are  exposed  to  test 
environments  by  continuous  immersion,  alternate  immersion,  salt  spray,  sea  coast  or  Industrial  atmosphere 
exposure.  On  the  other  hand,  fracture  mechanics  tests  make  use  of  precracked  specimens  to  determine  time- 
to-failure  versus  stress  intensity  (Kji),  threshold  stress  intensity  (Kiscc),  and  cracking  rate  (de/dt). 

In  addition  to  the  notched  and  precracked  types  mentioned  above,  other  specimens  used  for  these  tests 
include  compact  tension,  wedge-opening -loading,  double-cantilever-team  and  tapered-cantilever-beam. 
Exposure  techniques  are  essentially  the  same,  with  the  exception  that  environmental  contact  may  be  limited 
to  only  she  crack  region  utilizing  masking  techniques.  In  these  tests,  standardized  methods  are  used 
where  appropriate  for  efficient  production  cf  reliable  low  cost  data. 

In  addition  to  the  aforementioned,  a  separate  type  of  research  activity  is  performed  to  examine 
the  fundamental  mechanisms  that  produce  stress  corrosion  susceptibility  in  a  particular  material/environ¬ 
ment  combination.  The  objective  of  these  tests  is  the  development  of  sufficient  information  to  indicate 
methods  of  alleviation,  such  as  (l)  modifying  the  structure  of  the  material,  (2)  altering  the  service 
media,  and  (3)  changing  the  nature  of  the  boundaries  separating  environment  and  material.  This  paper  will 
dlacuas  seme  of  the  specialized  experimental  techniques  used  at  Lockheed-California  Company  to  examine 
various  arpects  of  the  stress  corrosion  phenomenon  in  aircraft  structural  alloys. 

CRACK  MORPHOLOGY  STUDIES 

Microscopic  crackhig  patterns  can  be  traced  through  the  thickness  of  a  specimen  by  removing 
successive  layers  of  material  to  reveal  interior  planes  and  discern  the  three-dimensional  morphology  of  a 
crack.  This  can  be  used  to  determine  cracking  paths,  crack  branching,  stress  state  and  zones  of  plastic 
deformation. 

In  one  set  of  exp*  rimantsW  specimens  of  7075-T6  aluminum  alloy  were  loaded  to  fracture  in  the 
presence  of  3.5  percent  NaCl  solution,  using  the  three-point  bending  configuration  shown  in  Figure  1. 
Microscopic  examination  of  specimen  surfaces  revealed  intergranular  cracking  parallel  to  the  principal 
tensile  stress  and  hinges  of  plastic  deformation  indicative  of  plane  stress  conditions,  as  shown  in 
Figure  2.  Controlled  amounts  of  material  were  removed  frem  the  specimens  by  lopping.  The  interior 
planes  thus  revealed  were  polished  and  photographed  at  23X.  A  representative  photomicrograph  of  an 
interior  plane  is  shown  in  Figure  3.  This  photograph  shows  the  cracking  parallel  to  the  principal  tensile 
stress  as  previously  noted  in  Figure  2.  In  addition,  a  transgranular  crack  perpendicular  to  the  principal 
stresses  and  emanating  frem  the  precrack  at  the  notch  may  be  seen.  Tie  technique  of  removing  successive 
layers  of  material  was  repeated  until  the  center  of  the  specimen  was  reached'*'.,  The  cracking  pattern  at 
various  d'jptha  was  traced  on  clear  plastic  sheets  which  were  assembled  to  form  the  three-dimensional  model 
shown  in  Figure  4. 


Figure  1.  Specimen  -reometry  and  loading  arrangement  for  three-point 
tend  stress  .orrosion  tes*-. 
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Figure  2.  Surface  of  7075-T6  specimen. 

Cracking  parallel  to  principal 
tensile  stress  and  plastic 
deformation  hinges  indicative 
of  plane  stress. 


Figure  3*  Cracking  pattern  on  a  plane  O.C'5o 
inch  from  the  surface  of  a  7075-tC 
specimen.  Intergranular  crackin, 
separated  from  transgranular 
cracking  by  0.013  inch. 


\ 


Figure  k.  Three-dimensional  model  of  stress  corrosion 
cracking  in  7075-T6  bend  specimen,. 


Time  lapse  photographic  tech  .iques  have  Veen  employed  to  follow  the  progression  of  stress 
corrosion  cracking.  One  face  of  a  precracked  specimen  was  lightly  polished,  the  specimen  was  immersed  in 
a  coTToaive  solution,  and  the  desired  stress  applied.  Special  l6mm  motion  picture  equipment  was  used  to 
record  one  frame  every  90  seconds,  or  ho  frames  each  hour.-  Figure  5  shows  represei  tative  frames  frim  two 
of  the  motion  pictures,  shoving  crack  growth  in  IK  NaCl  and  CC14  to  occur  at  nearly  identical  rates(3). 

Transmission  and  scanning  electron  microscopy  have  also  been  used  to  examine  fracture  surfaces 
and  reveal  microstructural  features  associated1  with  susceptible  alloys.  One  example  of  the  use  of  SEM  is 
presented  in  Figures  6  and  7,  which  snow  tne  fracture  surfaces  of  wedge-opening-loading  specimens  of 
7075-T6  alloy  exposed  to  3.5  percent  NaCl  solution.  Special  note  should  be  made  of  the  elliptical  regions 
of  localized  stress  corrosion  separated  from  the  main  crack  front  and  surrounded  by  regions  of  ductile 
tear.  One  mechanism  advanced  to  explain  this  structure  requires  the  diffusion  of  a  contaminating  species 
through  the  plastic  zone  ahead  of  tne  main  crack,  producing  localized  regions  of  stress  corrosion  cracking 
surrounded  by  ur  'racked  material'-^'.; 
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IM  NaCI  CCi4 


Figure  5.  Stress  corrosion  cracking  of  T1-8A1-1M0-1V  in 
IM  JiaCl  solution  and  anhydrous  CCl^. 
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Figure  (f  lv  -nsition  between  stress  cOiioslon  and  ductile 
tear  in  "0  'R-Tfc  specimen  exposed  to  3*5^  NaCI 
.-t  K_j  -  1  ,7  ksi  ,'TnT  Magnification  =  100X 


I 


Figure  ,'a.  Isolated  region  In  7075-T6  specimen 
exposed  to  3.5i  NaCl  at  Kpi  «=  19.7 
ksi  y  Tn. ,  showing  stress  corrosion 
surrounded  by  ductile  tenr. 
Magnification  =  1000X 


Figure  7b.  Isolated  region  in  7075-T6  specimen 
exposed  to  3.%  NaCl  at  Kpj  >=9.0 
kai  y  in.,  showing  stress  corrosion 
surrounded  by  ductile  tear. 
Magnification  =  3000X 


CONTAMINANT  IDOfTIFICATION 

The  mechanical  properties  of  metals  are  greatly  influenced  by  the  distribution  of  alloying 
elements,  impurities  and  contaminants  in  their  microstructure.  Autoradiography  can  be  uaed  to  determine 
the  mlcrosegregation  of  any  element  that  has  a  radioactive  lsotope(1+>5) .  Such  data  are  UBeful  in  stresB 
corrosion  work  to  identify  contaminating  elements,  determine  diffusion  rates  and  isolate  accumulation 
sites. 


Radioactive  elements  are  introduced  into  tne  corrosive  media  being  studied,  e.g.  tritium  oxide 
in  water  or  chlorlne-36  in  NaCl  solution.  Exposure  of  stress  ;d  specimens  to  the  corrosive  media  permits 
transfer  of  the  tagged  contaminant.  Subsequent  to  the  test  the  surface  of  the  specimen  which  retains  the 
radioactive  element  is  placed  In  intimate  contact  with  an  emulsion  layer  suitable  for  detecting  beta  or 
gamma  radiation.  After  exposure,  the  s:lidifieu  film  is  peeled  frcm  the  metal  surface,  developed  by 
photographic  techniques,  and  examined.  Observations  of  darkened  areas  in  the  emulsion  are  correlated 
with  the  microatructure  of  the  test  specimen  to  determine  the  location  of  the  radioactive  material.  An 
example  presented  in  Figure  8  sljows  retention  of  chlorine-36  in  the  stress  corroded  region  of  a  .  . 
T1-8A1-1MO-1V  fracture  surface^0).  The  developed  film  can  be  analyzed  using  existing  techniques^')  to 
determine  the  concentration  of  the  radioactive  contaminant  in  the  metal  surface.  Use  of  the  dilution 
factor  for  the  isotope  In  the  carrier  media  allows  calculation  of  the  actual  contaminant  concentration. 
Mechanical  aecti'  ning  of  the  teGt  specimen  to  reveal  interior  planes  allows  observation  of  the  distribution 
of  the  contaminant  in  the  third  dimension  and  determination  of  diffusion  rates  through  the  material.  An 
example  of  the  distribution  of  chlorine-36  on  an  interior  plane  of  a  7075-T6  aluminum  alloy  specimen  la 
shown  in  Figure  9. 


Identification  of  corrosion  products  can  be  accomplished  by  analysis  of  the  corrodent  fluid. 

For  example,  consider  a  series  of  tests  performed  with  T1-8A1-IKO-1V  specimens  exposed  to  1M  NaCl  or  CCI4 
and  loaded  in  three-point  bending  to  80  percent  of  the  air  failure  value.  Portions  of  the  corrodents 
were  extracted  from  the  vicinity  of  the  crack  during  testing  and  analyzed  spectrophotometrlcally,  Figure 
10  shows  the  resultant  ultra  violet  absorption  spectre.  It  has  been  suggested  that  the  absorption  peaks 
in  both  liquid  media  were  due  to  the  titr  nyl  type  structure  (Ti  =  0).  These  results  were  used  ir 
conjunction  with  other  data(6),  to  develop  a  aeries  of  chemical  reactions  to  describe  TI-8AI-IM0-I''  stress 
corrosion.  These  reactions  are  as  follows:. 


Ti  +  x  Cl"  - ►  T1C1X  +  x  e“ 

TIC1  1  !i,0 - -  tri  -  0)f2  f  x  Cl"  I-  2H+  +  fu  -  x),  e 

X  d 

n  t  ItpO  - -  (ii  -  0)+2  ►  2>,+  +  4  e" 

where  x  does  r.ot  exceei  +1, 
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Figure  8.  Autoradiographic  study  of  radioactive  Cl^  retention  on  the  Ti-8Al-lMo-lV 
alloy  fracture  surface. 
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Figure  9,  Peplica  of  interior  plane  0.015  inch  frcm  tie  surface  of  a 

7075-T6  specimen.  Darkened  areas  caused  by  decomposition  of 
emulsion  locate  ndioactive  chlorine-06  accumulation.. 
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Figure  10.  Optical  absorbance  spectra  of  TI-8AI-IM0-IV  corrosion  product. 


ELECTROCHEMISTRY 

?  rack-tip  corrosion  cell  activity  can  be  delineated  by  use  of  pH  and  oxidation/reduction 
6),  The  pH  Indicators  function  by  using  color  changes  to  detect  pH  shifts  associated  with 
electrochemical  processes  active  in  the  vicinity  of  the  crack.  For  the  Ti-8Al-lMo-lV  alloy  under 
discussion,  passive  regions  external  to  the  crack  tend  to  became  cathodic,  with  an  attendant  increase  in 
alkalinity  due  to  the  formation  of  hydroxyl  ions.  On  the  other  land,  anodic  regions  within  the  crack 
tend  to  become  acidic  due  to  the  production  of  hydrogen  ions.  The  pH  sensitive  dyes  can  be  used  very 
effectively  to  identify  these  anodic  and  cathodic  regions.  Similarly,  certain  oxidation  reduction 
indicators  will  respond  in  regions  where  these  electrochemical  processes  are  occurring. 

Solutions  of  1M  NaCl  solution  containing  either  phenolphthaleln  pH  indicator  or  a  starch- 
potassium  iodide  oxidation  indicator  were  added  to  the  notch  region  of  precracked  specimens  of 
T1-8A1-1MO-1V.  These  specimens  were  loaded  to  80  percent  of  the  air  failure  value  in  three-point  bending. 
Sketches  of  the  appearance  of  the  notch  region  during  exposure  are  shown  in  Figure  11.-  As  the  crack 
progressed  in  solutions  containing  phenolphthaleln,  red  coloration  was  produced  along  the  sloping  sides 
of  the  notch,  indicating  hydroxyl  ion  formation,  while  the  solution  at  the  apex  of  the  notch  immediately 
adjacent  to  the  notch  remained  colorless.  On  the  other  hand,  sclutior.3  containing  the  starch-iodide 
Indicator  yielded  a  characteristic  blue  color  In  the  anodic,  crock  region. 

This  experiment  and  others  described  earlier  indicate  that  tie  corrosion  cell  voltage  tends  to 
move  positive  ions,  such  as  titauyl  out  of  the  crack  and  drive  negstlv'  ions,  such  as  chloride,  into  the 
crack.  Thue,  chloride  ion  is  indicated  as  the  damaging  species  for  Ti-fiAl-lMo-lV'1* 3,6) ,  phe  observation 
of  corrosion  cell  activity  at  the  crack  tip  led  to  the  conclusion  that  protection  might  well  be  attained 
by  interfering  with  the  electrochemical  reactions  involved. 


figure  11.  Ola <ra  of  appearance  of  notch  in  Tl-flAl-lXo-lV  after  exposure 
to  IX  Sad  corrodent  containing  Indicator* . 


Electrode  potential  measurement*  have  prorlded  one  of  the  moat  effect Ire  methods  for  evaluating 
the  elactrocheeitcal  aspects  of  stress  corroeioc  susceptible  alloy*.  Potent ixl  measurements  long  ago 
provided  evidence  that  both  ferric  (?e*3)  and  cupric  (Cu**)  Iona  actively  ebaorb  on  titanium  surfaces 
from  aqueous  solution* (k J .  Bence,  electrode  potential  tea sur aments  were  used  to  determine  the  passivating 
ability  of  a  number  of  Inhibitors.  The  basic  equipment  need  in  these  investigation*  consisted  of  an 
electrometer  connected  In  e  circuit  between  a  saturated  calomel  reference  electrode  and  the  test  sample, 
both  of  wm.*  were  In  contact  with  the  aqueous  medls.  An  experimental  apparatus  used  for  potential 
massin  smmifs  on  wire  samples  Is  shown  In  figure  12.  The  flask  which  contained  the  aqueous  solution  was 
modified,  so  that  the  wire  could  be  passed  through  the  flask  wall  and  stressed  by  dead  weight  loading.  It 
was  soon  discovered  that  there  wms  no  particular  advantage  In  working  with  stressed  samples,  and  the  bulk 
of  the  experimentation  was  accomplished  using  alloys  in  the  unstressed  condition.  Results  of  these 
screening  studies  revealed  that  lrldltsa  (ir*^) ,  gold  (Au+3),  ferric  (Pa+3),  and  cupric  (Cu*2)  were  among 
the  Ionic  specie*  that  produced  the  greatest  degree  of  passivation  for  the  Ti-flAl-lHo-lV  alloy  In  1W 
Bad  solutions.  Electrode  potential  shifts  as  great  as  1.2  volts  In  the  noble  direction  were  produced  by 
certain  of  these  materials  when  present  at  concentrations  of  approximately  0.001  moles  per  liter. 

These  same  Ionic  paaslvators  were  subjected  to  further  evaluation  In  mechanical  tests  to 
determine  their  effectiveness  in  preventing  stress  corrosion  cracking.  Duplex  annealed  Ti-SAl-lMo-lV 
notched  and  precracked  three-point  bend  specimens  were  loaded  to  80  percent  of  the  air  failure  value  and 
baser sed  in  a  IX  Bad  solution  to  which  a  trace  of  the  pa*  sire  tor  had  been  added.  All  of  the  ionic 
paaslvators  mentioned  previously  substantially  Increased  the  time  to  failure  In  this  alloy.  It  was 
discovered  that  Inhibitor  concentrations  as  low  as  0.005  percent  by  weight  were  effective.  Comparison  of 
the  electrochemical  and  mechanical  test  results  demonstrated  that  a  direct  correlation  existed  between 
the  ability  of  an  Ionic  pa Salvator  to  inhibit  stress  corrosion  cracking  and  the  electrode  potential 
change  which  resulted  when  that  pasaivator  was  brought  in  contact  with  the  alloy.  Paaslvators  which 
displayed  more  than  approximately  0.5  volt  change  during  the  screening  tests  were  found  to  effectively 
inhibit  cracking;  those  which  produced  less  then  0.5  volt  change  were  Ineffective. 


Figure  12.  Equipment  for  electrode  potential  measurements. 


It  was  postulated  that  retardation  of  crack  growth  in  titanium  by  these  inhibitors  resulted 
from  the  fact  that  both  the  anode  and  cathode  regions  of  the  electrochemical  cell  within  the  crack 
became  passivated  to  similar  noble  potentials  by  absorbed  ionic  material.  This  eerved  to  substantially 
drop  tne  total  voltage  difference  of  the  cell  which  in  turn  reduced  the  tendency  of  the  corrosive 
negative  ions  (e.g.  Cl”)  to  be  attracted  to  the  anodic  crack  tip  region  where  metal  dissolution  normally 
occurs.  Thus,  these  inhibitors  apparently  functioned  by  destroying  the  normal  electrochemical  ion 
transport  mechanisms  that  are  required  for  sustaining  stress  corrosion  crack  growth  in  this  alloy.  It 
is  possible  that  inhibitors  of  this  type  could  be  employed  in  sealants  to  help  prevent  or  arrest  crack 
growth. 


CONCLUSION 


The  diverse  assembly  of  investiative  techniques  described  in  this  paper  point  up  the  need  for 
interdisciplinary  efforts  in  stress  corrosion  research.  Techniques  and  procedures  from  many  fields, 
including  mechanics,  metallurgy,  cnemistry  and  physics  must  be  utilized  if  the  desired  level  of 
understanding  Is  to  be  attained. 
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ABSTRACT 


The  almost  instantaneous  failure  of  some  welded  joints  of  certain 
Ti,  Al,  Sn  <=*  type  alloys  when  in  contact  with  carbon  tetrachloride  vapour,  was  studied 
and  related  to  the  slight  surface  contamination  developed  during  argon-arc  welding.  Ana¬ 
lysis  of  the  contaminated  layers  with  the  Castaing-Slodzian  ion  probe  showed  that  a  subs¬ 
tantial  amount  of  oxygen  penetration  had  occurred  during  the  welding  operation  .  Testing 
showed  that  the  susceptibility  to  stress  corrosion  was  related  to  the  extent  of  this  pe¬ 
netration  and  micro-cracks  were  observed  to  form  on  the  welded  surfaces  after  loading  but 
before  contact  with  the  corrosion  medium.  As  oxygen  in  solid  solution  in  titanium  reduces 
its  ductility  these  mechanical  cracks  will  propagate,  under  the  action  of  a  constant  load, 
deeper  into  the  moi.e  contaminated  samples.  If  the  Kj.  at  the  c_ack  tip  exeeds  the  K.. 
at  the  moment  of  contact  with  the  corrosion  medium  the  cracking  will  proceed  by  stress 
corrosion  and  '-111  lead,  under  higher  stresses,  to  the  almost  instant  failures  observed. 


RESUME 


La  rupture  quasi-instantan6e  de  joints  soudSs  d'alliage3  de  titane  de 
t’.'pe  cx  lorscrue  mis  en  contact,  avec  lea  vapeurs  de  trichlor4thyl6ne,  a  6t6  6tudl6e  et 
relifie  &  la  contamination  superficielle  lors  des  operations  de  soudage  4  l'arc  sous 
atmosphere  d' argon. 

Les  analyses  des  couches  contaminSes  au  moyen  d'un  analyseur  ionique 
de  Castaing-Slodzian,  ont  montr£  gu'une  penetration  relativement  importante  d'oxyi  %ne 
avait  lieu  lors  de  ce  soudage.  Nos  essai3  ont  montre  gue  la  ousceptibilite  \  la  C.S.T. 
etait  en  relation  avec  la  profondeur  de  cette  contamination.  La  formation  de  microfissures 
a  pu  §tre  observee  sur  les  surfaces  souaees  lorsqu'elles  sont  mises  sous  contraintes  avant 
le  contact  avec  le  milieu  de  C.S.T.  L'oxygSne  en  solution  solide  dans  le  titane  reduisant 
fortement  sa  ductilite,  ces  crigues  mecaniques  peuvent  se  propager  profondement  dans  les 
4chanti lions  les  plus  contamines.  Lors  de  la  raise  en  contact  avec  le  milieu,  si  le 
existant  alors  er>  t£te  de  ces  fissures  d£passe  le  Kigcc;,  la  fissuration  intervient  par  C.S.T 
et  sous  fortes  charges  des  ruptures  presque  instantan^es  peuvent  surveni  ■' 
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FRACTUPE  INITIATION  AND  STRESS  CORROSION  CRACKING 
OF  WELDED  JOINTS  OF  oC  TYPE  TITANIUM  ALLOYS. 

by 


C.Ohassain  and  P.R.Krahe 


1.  INTRODUCTION 


The  stress  corrosion  cracking  (SCC)  of  welded  joints  of  some  c<  tita¬ 
nium  alloys  when  in  contact  with  chlorinated  hydrocarbons  has  been  known  for  a  long  time 
(]).  In  particular,  very  rapid  failure  was  reported  by  Brown  (2)  and  Vialatte  (3),  who 
studied  the  SCC  of  the  alloy  TA5E  in  carbon  tetrachloride.  To  explain  this  behaviour.  Brown 
suggested  that  stress  corrosion  was  initiated  at  pre-existing  micro-cracks  foimed  by  the 
mechanical  failure  of  the  oxides  present  at  the  weldment's  surface.  Two  experimental  obser¬ 
vations  made  by  Vialatte  gave  further  weight  to  this  hypothesis  :  the  f^rst  concerned  the 
micro-cracks  found  on  the  weld  *■  surface  before  contact  with  the  SC  medium  and  aftei  loa¬ 
ding  and  the  second  the  suppression  of  the  phenomenon  once  matter  was  remove"  frcm  the 
weldment's  surface. 


However,  since  no  control  was  exerted  on  the  amount  of  matter  removed 
fro.j  the  weld's  surface,  the  ouestion  as  to  whether  the  removal  of  just  the  oxide  film 
would  inhibit  SCC  remained  unanswered,  and  so  these  observations  did  not  prove  Brown's 
hypothesis.  Indeed  our  results  show  that  the  removal  of  only  the  oxide  film  will  not  elimi¬ 
nate  SCC. 

2.  RESULTS 

The  susceptibility  of  alloys  TA5E  and  TAE  Zr  5  to  SCC  m  carbon  tetra¬ 
chloride  vapour  war  evaluated  by  the  three  point  constant  load  flexion  testing  of  5  mm  wide 
specimens,  cut  out  of  a  2, 5  mm  thick  and  110  mm  wide  pLate  having  a  welding  seam  in  the 
middle.  The  results  are  given  in  fig.l  _s  curves  of  failure  time  against  loading  stress. 

For  stresses  near  the  elastic  limit  f  80  -  90  hbars  )  the  failure  times  are  very  short,  va¬ 
rying  from  1  to  10  mi  utes.. 

Experiments  showed  that  the  samples  would  become  msensi tive  to  SCC  if 
atleast  5  p.  were  removed  from  the  welded  surface  by  any  of  the  t  jllowing  ways  :  mechanical 
and  electro-polj shing,  grinding  or  chemical  cleaning.  However  if  after  this  treatment  the 
samples  were  re-contaminated  by  a  brief  heating  under  a  torch  flame  (  ~  700°C),  they  again 
became  sensitive  and  would  fail  at  the  times  and  stresses  given  by  fig.l. 


Stress  versus  failure  time  for  three 
po'nt  flexion  of  welded  specimens. 


Fig.l 
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The  ion  probe  results  are  summarized  in  figs.  2  and  3  for  the  follo¬ 
wing  four  different  surface  treatments  and  stress  corrosion  susceptibilities. 


1)  Not  welded 

2)  Welded 

3)  Welded  and  chemically  cleaned 

4)  As  3  plus  flame  contamination 


Not  susceptible 
Susceptible 
Not  susceptible 
Susceptible 


Fig.  2  -  Oxygen  penetration  curves  for  the  following 

surface  conditions.  ;  i)  not  welded,  2)  welded 
3)  welded  and  chemically  cleaned,  4)  welded 
chemically  cleaned  and  flame  recontaminated. 

These  curves  are  plots  of  the  analysed  secondary  OJ  ion  current 
againstothe  probing  time.  Since  the  bombardment  erodes  the  metal  at  a  rate  nearly  equal 
to  100  A/sec,  they  represent  the  oxygen  distribution  from  the  surface  down  into  the  metal. 
The  high  initial  concentration  observed  in  the  immediate  vicinity  of  the  surfaces  is  due 
to  absorbed  O2  and  to  thin  surface  oxides.  When  the  contamination  becomes  .nore  severe  - 
treatment  4  -  the  surface  oxide  becomes  thicker  as  can  be  seen  by  the  plateau  observed  on 
the  corresponding  curve,  fig.  3.  It  is  interesting  to  note  that  even  for  this  heavily  con¬ 
taminated  state,  the  oxide  thickness  did  uot  exeed  0.2  ^1  while  it  was  necessary  to  remove 
around  5  of  material  from  the  weld's  surface  in  order  to  eliminate  stress  corrosion  sus¬ 
ceptibility,  this  latter  figure  being  near  the  depth  were  the  oxygen  concentration  falls 
down  to  the  matrix  svel,  fig.  2. 


Fig.-  3  -  Oxygen  rich  portion  of  fig.;  2 
cu.ves  3  and  4 


Hi 


The  oxygen  penetration  in  the  metal  is  clearly  different  according  to 
the  surface  treatment  given  to  the  sanple,  beino  more  extensive  in  the  heavily  contamina 
ted  sanples  which  are  also  the  more  susceptible  to  stress  corrosion.  It  is  therefore  appa 
rent  that  the  extent  of  the  concentration  gradient  below  the  weld's  surface  is  the  deter¬ 
mining  factor  on  the  initiation  of  SCC  of  these  alloys  in  carbon  tetrachloride  vapour. 

That  the  presence  of  a  thin  surface  oxide  plays  a  email  role  on  Me 
process  is  shown  in  fig.  4,  which  corresponds  to  the  oxygen  penetratxon  in  a  sanple  che¬ 
mically  cleaned  and  re-oxidised  anodically.  Although  the  presence  of  the  oxide  is  clearly 
seen  by  the  plateau  this  sample  is  not  susceptible  to  SCC,  as  oie  would  expect  from  the 
shallow  penetration  curve  observed.; 


Fig..  4  -  Oxygen  penetration  curve  for  the  following  condition  : 

welded,  chemically  cleaned  and  oxidised  anodically 

.  n  a  H0S_.  solution., 

2  04 

3.  A  MODEL  FOR  THE  OBSERVED  STRESS  CORROSION  INITIATION 

It  is  well  established  that  certain  elements  like  oxygen  when  in 
solid  solution  in  titanium  greatly  diminish  its  plasticity  by  i-pairing  its  usual  modes 
of  deformation,  i.e.  slip  and  twinning  (4)  (5).  We  can  therefore  associate  a  ductility 

gradient  with  each  oxygen  concentration  gradient  observed.; 

Before  immersion  in  the  stress  corrosion  medium  but  after  loading 
the  sample,  micro-cracks  can  be  initiated  on  the  sample's  surface  and  can  propagate  into 
the  diffusion  zones  s  some  of  these  micro-cracks  are  seen  on  fig.  5.  At  constant  load 
their  propagation  and  therefore  their  final  length  will  depend  essentially  on  the  ductili 
ty  at  the  crack  tip.  The  longer  mechanical  micro-cracks  are  to  be  found  in  the  more  exten¬ 
sively  contaminated  samples. 


Fig,  5  -  Mechanical  failure  of  the  welded  surfaces  before 
irratif  i  i  on  m  carbon  tetrachloride,  X  ‘iOOh,. 
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For  the  particular  test  employed  in  the  present  study,  the  stress 
intensity  ractor,  K^,  at  the  crack  tip  will  bo  highest  for  the  longer  cracks.  If  Kj 
exeeds  the  lowest  stress  intensity  factor  needed  for  the  development  of  stress  corrosion 
in  tne  environment  under  consideration  (K^gCC),  the  crach  will  begin  to  a row  as  soon  as 
the  sample  comes  in  contact  with  the  stress  corrosion  medium.  If  Kj  is  lower  than  K^scc, 
the  crack  will  not  propagate.  In  this  way  we  can  account  for  the  almost  instant  cracking 
of  the  weldments  and  for  the  relation  between  stress  corrosion  susceptibility  and  extent 
of  contamination 
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PRELIMINARY  REPORT  ON  THE  RESEARCH  ON  THE  INFLUENCE 
OF  THERMOMECHANICAL  TREATMENTS  ON  STRESS  CORROSION 
CRACKING  BEHAVIOUR  OF  AISI  4340  STEEL 


R.  De  Santis  -  L.  Matteoli  -  T.  Songa 


This  contribution  refers  some  data  on  a  research,,  sponsored  by  the  Italian  Air  Force, ;  on  the 
influence  of  thermomechanical  treatments  on  the  stress  corrosion  cracking  of  AISI  4340  steel. 

The  ,.-,terc«t  in  this  research  has  been  aroused  by  the  anomalous  behaviour  of  carbon  and  alloy 
heat-treatable  stiels  uoon  cold  deformation  after  low  temperature  tempering  The  phenomenon  was 
firstly  observed  in  1953  by  Matteoli  and  Andreini  (4). 

It  has  been  proved  that  these  steels,  heat  treated  to  a  tensile  stiength  superior  to  150  kg/mm2, 
undergo  a  reduction  in  hardness,  whan  submitted  to  a  subsequent  cold  deformation 

It  has  also  been  proved  that  the  hardness  characteristics  can  be  partially  or  completely  reco'  m-ed 
with  a  second  tempering  treatment,  after  the  deformation,;  performed  at  the  same  temperature  of  the 
first  tempering. 

The  research  in  progress  is  intended  to  establish  whether  the  above-mentioned  thermomechanical 
treatments  could  influence  the  stress  corrosion  cracking  behaviour  of  the  4340  AISI  steel. 

For  the  research  two  grades  of  4340  AISI  steel  have  been  selected,  air  melted  and  electroslag 
remelted. 

Fig.  1  and  2  show  the  experimental  results  obtained  by  testing  the  hardness  of  two  specimens 
of  both  steel  grades  subjected  to  the  thermome ebam cal  treatments,  illustrated  in  the  same  figures. 

The  hardness  recovery  of  the  steels  tempered  at  200°C,,  is  very  small,;  if  not  absent,,  and  some¬ 
times  it  takes  place  after  very  long  tempering  time.  This  phenomenon  is  very  marked,  on  the  contrary,; 
for  the  300°C  tempered  steels.  In  this  case  long  tempering  time  causes  a  second  decrease  of  the 
hardness  in  a  way,:  which  is  typical  for  ageing  phenomena. 

No  clear  relation  seems  to  exist  between  the  metallurgical  grade  of  the  material  and  the  behaviour 
upon  deformation  end  second  tempering.  Moreover  there  are  significant  differ  ;nces  in  the  results  obtai-. 
ned  on  different  specimens  of  the  same  material. 

These  interesting  aspects  of  the  problem  are  still  under  examination. 

No  complei  explanation  exist  about  the  decrease  in  hardness  upon  deformation.  Among  the  possible 
hypotheses  the  most  plausible  one  seems  to  be  the  intervention  of  an  effect  of  the  extra  strain  eneigy 
(supplied  by  the  deformation)  in  restoring  the  ’attice  of  the  metal 

Stress  corrosion  cracking  tests  are  now  in  progress  on  specimens  from  both  steels  in  the  quenched 
and  tempered  conditions,  both  at  200  C  and  at  300°C,  in  the  cold  defoimed  conditions  after  tempering 
and  m  the  maximum  hardness  recovered  conditions 

To  evaluate  the  stiess  corrosion  tracking  behaviou1'  of  the  steels,  cantile'  ur  beam  specimens,. 
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side  grooved  and  fatigue  precracked,,  are  used.  The  typical  specimen  geometry  is  shown  in  fig.  3. 

The  use  of  cantilever  beam  specimens  is  due  to  the  two  following  oasic  considerations 

1)  at  any  given  stress  intensity  above  Kiscc  the  cantilever  specimen  rupture  occurs  in  the  shortest 
time  compared  with  other  specimens  with  different  geometry  giving  the  same  apparent  threshold 
limit 

2)  the  tests  with  an  increasing  K  are  more  representative  of  the  real  situation  rather  than  a  decreasing 
K  or  the  very  difficult  constant  K  tests 


Side  grooving  of  the  specimens  has  been  selected  because  of  the  complete  suppression  of  any 
shear  lip  and  of  the  consequent  setting  up  of  pure  plane-strain  conditions  in  the  whole  section. 

The  obvious  reason  for  fatigue  precracking  is  due  to  the  opportunity  not  to  rely  upon  the  "natural" 
development  of  a  stress  raiser  (such  as  a  corrosion  pit)  m  conducting  stress  corrosion  tests  on  high 
strength  and  notch  sensitive  materials. 

After  notch  and  side  groove  machining,  fatigue  cracks  ire  induced  at  the  base  of  the  notch  by 
fatigue  in  air.;  During  fatiguing  the  crack  propagation  rate  -s  continuosly  checked  with  an  electrical 
resistance  meter  device  as  to  assure  that  the  ratio  of  the  tota'  flaw  depth  to  the  total  specimen  thickness 
is  in  the  range  0  25  +  0.  35  for  all  the  specimens. 

Side  grooving  has  proved  itself  very  satisfactory  in  man  lining  the  fatigue  crack  in  axis  with  the 
notch  and  in  allowing  the  fatigue  crack  to  grow  nearly  straight  (see  fig.  4).  This  i"  very  important  beca 
use,  during  cracking  in  these  conditions  crack  velocity  and  also  the  crack  driving  force  are  uniform. 

For  the  stress  corrosion  test  the  specimens  are  loaded  in  bending  with  devices  similar  to  those 
proposed  by  Biown  in  1966  (1). 

The  corrosive  medium  is  3  %  sodium  chloride  solution  in  distilled  water.  The  contact  of  the 
electrolyte  with  the  specimen  occurs  by  continuous  dripping  of  the  solution  on  the  notch.  References 
2,  3  and  5  give  more  detailed  information  on  the  working  procedure.. 

Stress  corrosion  cracking  tests  are  still  in  progress  and  the  results  on  Kiscc  values  aie  not 
yet  available.  The  influence  of  the  thermomechanical  treatments  on  the  Fracture  Mechanics  parameters 
are  however  expected  to  be  significant. 
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SUMMARY 

The  primary  and  secondary  properties  of  hot  rolled  plates  of  7075  alloy,  obtained  with 
a  new  processing  technique,  are  briefly  described.  These  new  materials  chow  a  significant 
reduction  of  the  transverse  effect  in  respect  to  the  conventionally  produced  plates.; 
Improved  characteristics  of  ductility,  fracture-toughness  and  stress-corrosion 
resistance  are  attained  in  the  short  transverse  direction,  along  with  strength  levels 
equal  to  or  higher  than  those  of  s.milar  materials  produced  in  the  traditional  way.; 


Cn  decrit  crievemenfc  les  proprietes  primaires  et  secondaries  des  ebauches  a  chaud 
d'alliage  7075,  obtenus  avec  un  nouveau  procede  terhnologique.  Ces  nouveaux  materiaux 
prdsentent  une  significative  reduction  de  l'effct  de  travers  en  comparison  avec  les 
ebauches  produits  convent ionnellement . 

Une  amelioration  de  la  ductilite,  dfe  la  tenacity  a  la  rupture  et  de  la  resistance  a  la 
corrosion  sous  tension,  est  realisee  avec  niveaux  de  resistance  mecanique  egaux  ou  plus 
el6ves  que  ceux  des  similaires  materiaux  produits  avec  le  procede  traditionnel. 
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PRELIMINARY  RESULTS  OF  MECHANICAL  AND  STRESS-CORROSION  TESTS  ON  PLATES  OF  7075  ALLOY 
PRODUCED  BY  A  NEW  PROCESSING  TECHNIQUE 

by 

E.DI  RUSSO,  M.CONSERVA,  M. BURATTI 


The  scope  of  this  technical  note  is  to  present  some  preliminary  results  of  mechanical 
anl  stress-corrosion  tests  performed  on  plates  of  7075  alloy,  produced  by  a  new 
processing  technique.  Although  the  stress-corrosion  behaviour,  which  is  the  main  topic 
of  this  meeting,  is  not  considered  in  detail,  anyhow  it  may  be  interesting  to  describe 
briefly  the  properties  of  these  new  products  characterized  by  a  significant  reduction 
of  the  transverse  effect. 

As  is  known,  the  transverse  effect  is  especially  prevalent  in  plates  of  7075  alloy  of 
normal  industrial  production. 

The  material  obtained  with  the  new  processing  technique,  represents  an  important 
development  towards  the  production  of  plates  with  better  combination  of  strength- 
ductility-fracture-toughness-stress-corrosion  resistance  in  the  (short)  transverse 
direction;  on  the  other  hand  it  can  allow  a  more  valuable  study  to  be  made  of  the 
relationship  existing  between  the  above  mentioned  properties  ,  taking  as  comparison 
term  a  conventionally  produced  material. 

The  most  important  ways  till  now  followed  for  attaining  a  more  attractive  combination 
of  the  main  properties  which  characterize  the  service  behaviour  of  a  plate  of  7075 
alloy,  are  the  following: 

-  increase  of  the  degree  of  purity  (very  low  content  of  Fe  and  Si); 

-  ingot  homogenization  at  very  high  temperature  and  for  long  soaking  times; 

-  high  solidification  rate  in  order  to  reduce  the  D.A.S.  (dendrite  arm  spacing)  down 
to  20*30  fu n, 

-  two-step  ageing  cycle. 

Another  way  is  to  employ  ancillary  elements  different  from  chromium;  obviously  if  the 
alloy  is  completely  free  from  chromium,  we  have  a  new  alloy;  a  typical  example  is 
given  by  Tergal  alloys,  where  zirconium  is  substituting  for  chromium. 

By  chance  it  is  to  be  noted  the  increasing  development  of  Zr  bearing  Zcrgal  like  alloys, 
to  replace  7075  type  materials. 

All  the  factors  above  mentioned  have  improved  the  properties  of  the  wrought  products 
of  7075  alloy,  but  today  they  represent  only  a  starting  point  to  go  on. 

For  further  substantial  improvements  it  is  necessary  to  follow  new  routes,  taking  into 
consideration  the  basic  structural  factors  involved  in  the  transverse  effect. 

The  fracture  path  in  specimens  subjected  to  mechanical  a no  stress-corrosion  testing, 
follows  preferentially  the  original  cast  grain  boundaries,  which  survive  in  the  plate 
and  are  orientated  in  the  working  direction.  Actually  what  we  call  "grains"  are 
constituted  by  aggregates  of  sub-grains  of  some  jin  in  diameter.  This  type  of  fracture 
occurs  ibovi  all  when  the  products  is  stressed  in  the  short-transverse  direction. 

It  is  worthwhile  remembering  that  secondary  undissolved  or  insoluble  pi  ises  and  oxide 
inclusions  are  preferentially  localized  along  the  original  grain  boundaries  and  this 
Tact  enhances  the  transverse  effect. 

The  new  processing,  developped  under  contracts  with  the  Italian  Ministry  of  Defence  and 
the  U.S.  Department  of  the  Army  and  forming  the  object  of  a  recent  patent  application, 
makes  possible  the  complete  destruction  of  the  cast  structure  and  the  formation  of  new 
grain  boundaries  not  having  any  relationship  with  the  original  primary  ones.  At  the 
same  time,  the  new  grains  are  much  smaller  than  those  present  in  a  conventionally 
produced  material.  Also  in  this  case,  these  new  grains  represent  definite  aggregates  of 
sub— gra ins. 

The  table  I  liats  some  data  of  mechanical  and  stress-corrosion  tests  performed  on  two 
25  mm-thick  plates  of  high  purity  7C75  alloy,  produced  respectively  by  conventional 
practice  and  by  the  new  processing,  and  heat  treated  T6  and  according  to  a  two-step 
ageing  cycle.  The  conditions  adopted  in  the  second  step  of  ageing  (l60*Cxl3  hrs)  were 
intentionally  chosen  for  comparison  purpose;  they  determine  in  fact  a  stress-corrosion 
resistance  higher  than  the  typical  one  of  the  T6  treatment  but  insufficient  to  make  a 
conventionally  produced  plate  free  from  stress-corrosion  phenomena  in  the  short- 
transverse  direction. 

As  can  be  seen,  after  a  T6  treatment  the  new  processing  causes  a  strong  improvement  in 
elongation  and  reduction  ir.  area  and  such  improvement  is  reached  without  any  changement 
of  the  UTS  and  YS  levels.  The  results  referring  to  the  plate  produced  by  common  practice 
represent  the  best  which  may  be  obtained  on  the  7075  alloy  conventionally  processed. 
After  two-step  ageing  cycle,  the  differences  in  reduction  in  ares  between  the  two 
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materials  remain  unchanged,  while  the  level  of  strength  is  almost  the  same  for  the  two 
plates. 

Although  these  data  have  been  obtained  on  the  long-transverse  direction,  it  is 
reasonable  to  assume  that  analogous  improvements  in  ductility  may  be  attained  in  the 
short-transverse  direction. 

Preliminary  fracture-toughness  tests  on  the  short  transverse  have  indicated  also  a 
significant  improvement  of  values  caused  by  the  new  working  process;  the  f ig. 1  shows 
the  outstanding  difference  in  the  aspect  of  the  fracture  surface  of  two  specimens  after 
testing. 

Stress-corrosion  tests  performed  in  the  short-transverse  direction  using  "tuning"  fork 
specimens  stressed  in  tension  on  the  external  surface  at  60%  of  Y.S.  and  subjected  to 
alternate  immersion  n  2-5%  NaCl  solution,  have  indicated  (tab. I)  the  great  improvement 
of  resistance  to  cracking  which  may  be  reached  by  the  new  technological  cycle  and 
suitable  ageing  treatment  (generally  performed  at  l60°Cxl6+“>.4  hrs). 

On  the  basis  of  our  knowledge  about  the  relationship  between  ageing  conditions,  micro  - 
structure  and  stress-corrosion  behaviour,  we  have  directed  our  attention  on  an  outstand 
ing  structural  feature  linked  with  the  new  cycle;  that  is  a  precipitation  of  chromium 
bearing  compounds  which  is  quite  different  in  the  distribution  and  size  of  the 
particles  from  that  commonly  observed  in  conventional  pioducts  of  7000  alloys.. 

It  has  been  demonstrated  that  this  precipitation  acts  on  the  ageing  structures  at  high 
temperature  and  exerts  a  positive  influence  on  the  general  plasticity  of  the  aluminium 
matrix.. 

Such  chromium  distribution  seems  to  favour  the  structural  modifications indr-ed  in 
Al-Zn-Mg-Cu  alloys  by  a  controlled  overageing  treatment  which  is  responsible  for  the 
increase  of  the  stress-corrosion  resistance. 

It  is  obvious  that  the  possibility  to  have  at  disposal  products  of  7075  alloy  of 
definite  composition  and  subjected  to  the  same  ageing  treatment  and  showing  same  levels 
of  strength,  but  different  levels  of  ductility  and  toughness,  may  be  a  useful  tool  for 
a  better  evaluation  of  the  parameters  linked  with  the  stress-corrosion  phenomena  as 
well  as  of  the  significance  of  the  stress-corrosion  test  data  obtained  with  pre-cracked 
specimens. 

For  this  purpose,  extensive  investigations  on  Al-Zn-Mg-Cu  system  alloys  are  now  in 
progress.  In  the  stress-corrosion  tests,  toghether  with  pre-cracked  specimens  of  DCB 
type,  smooth  specimens  are  used  of  the  previously  mentioned  (constant  deflection)  type. 
This  specimen  has  the  stressed  surface  plained  and  metallographically  polished  (fig. 2), 
hence  it  allows  an  easy  inspection  to  be  made  of  the  crack  appearance  both  visual  ana 
at  the  optical  microscope.  Besides,  using  an  especial  „  designed  electrolytic  cell, 
it  is  possible  co  follow  continuously  at  the  optical  microscope  the  nucieation  of  the 
creek  and  its  enlargement  during  the  stress-corrosion  test. 
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Tab. I  -  Results  of  tensile,  fracture-toughness  and  stress-corrosion 
tests  performed  on  the  plates  of  high  purity  7075  alloy 
produced  respectively  by  conventional  and  not  conventional 
processing 


Cycle 

Heat 

treatment 

tong -transverse 

short-transverse 

UTS 

kg/mm2 

YS0.27. 

kg/mm2 

E 

7. 

. 

•  > 

xc 

kq _ 

v^m 

mm* 

(TW) 

failure  (•) 
times 
hours 

conventional 

T6ITA) 

62.0 

55.2 

8.4 

17 

05 

170-310 

TA,  ♦  A2 

60.9 

54  9 

8.6 

26 

109 

247  t  310 

not 

conventional 

T6ITA) 

616 

56  2 

10.6 

34 

120 

248  -310 

T  A]  ♦  A2 

60.7 

54.2 

11.0 

44 

125 

>1560 

T  =  s.  h.t.  at  470  °C  x  2  hrs:  quenching  in  water  at  r.  t. 

A)  =  ageing  at  120  °C  x  24  hrs;,  A2  =  ageing  at  160  °C  x  13  hrs 

(•)  Alternate  immersion  test  in  salt  solution  on  "U"  shaped  specimens 


conventional 

processing 


not  conventional 
processing 


-  Fracture  surfaces  o’  fracture-toughness  specimens  ( short -trans\ i"*se 
direction)  of  the  h.p.  7075  alloy  plates  produced  respectively  by 
lonventional  and  not  com  ent  iona '  irocessmg  (Maen.XDi 


Fig.  1 
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Dimensions  in  nm 


Surface  polished  by 
metallographic  technique 


Fig. 2-  Smooth  specimen  used  in  the  stress-corrosion  test.  (Constant 
deflection  type).' 
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Engineering  Utility  and  Significance  of  Stress  Corrosion  Cracking  Data,  presented  by  W.  E.. 
Anderson 


In  your  presentation  you  indicated  that  the  following  criteria  will  be  used  for  assessing  the  use¬ 
fulness  of  laboratory  stress-corrosion  testing  results  for  practical  application: 

j  <?<a<?<  L,  W 

Would  you  please  expand  on  this  point  ?  Do  you  include  conditions  other  than  that  for  linear 
elastic  fracture  mechanics  ? 

If  the  cracking  problem  is  clearly  linear  elastic ,  the  general  stress  level  will  be  well  below  yield 
and  the  relative  dimensions  indicated  by  the  formulation  will  hold..  In  these  cases,  I  have  no 
hesitation  in  using  the  G  or  K  representations  of  test  specimens  and  structure,  recognizing  that 
there  may  or  may  not  be  continuous  correlation  between  stress  field  parameter  and  the  particular 
environmental  cracking  behavior.  As  the  criteria  tend  more  to  be  violated  I  become  more 
cautious,  finally  "trusting'-  only  to  ad  hoc  test  conditions.. 

You  mentioned  that  silver  may  induce  stress-corrosion  cracks  in  titanium  parts.  Do  you  know 
that  some  aircraft  companies  in  the  United  States  and  Germany  use  silver  plating  on  titanium 
parts  to  reduce  fretting  corrosion  damage  ? 

Dr..  Schiitz  points  out  (with  regard  to  the  jet-engine  compressor-disc  failure)  that  silver  plating 
is  currently  used  on  a  number  of  titanium  aircraft  parts.  Yes,  I  have  no  doubt,  I  hope  they  are 
in  locations  that  don't  get  too  hot.. 

Which  are  the  correlations  between  the  3-atom-bonds  per  unit  cell  and  the  stress  concentration 
factor  for  crack  propagation  ? 

Regarding  Professor  Bollenrath's  question,  I  was  only  trying  to  develop  some  appreciation  for 
the  activity  level  of  each  atom  bond  before  the  cracking  process  ruptured  it,  by  whatever  mech¬ 
anism..  Any  "correlation"  is  determined  by  the  material  response  to  the  imposed  conditions. 

I  assumed  each  aluminum  atom  vibrated  about  1012  times  per  second  and  that  about  three  atom 
bonds  would  be  broken  if  the  crack  advanced  one  unit  cell  of  4A.  (Would  two  bonds  per  cell  be 
a  better  choice?)  Also,  "rapid"  cracking  was  taken  to  be  about  10>*  m/sec.' 


S<  me  Important  Considerations  in  the  Development  of  Stress  Corrosion  Cracking  Test  Methods , 
presented  by  R.  P.  Wei. 


Many  service  stress  corrosion  failures,  especially  in  the  chemical  industry,  involve  very  ductile 
materials  in  thin  sections..  Linear  elastic  analysis  methods  are  usually  not  strictly  applicable 
under  these  cond’tions.  To  what  extent  will  future  developments  in  fracture  mechanics  technology 
permit  its  application  to  these  practical  situations? 

Dr.  Parkins  referred  to  service  stress  corrosion  failures,  especially  those  in  the  chemical 
industry,  that  involved  very  ductile  materials  in  th’n  sections  If  these  failures  occurred  at 
nominal  stress  levels  well  below  the  yield  strengths  of  the  materials,  it  is  not  quite  clear  that 
linear  elastic  fracture  mechanics  analysis  could  not  have  been  applied.,  The  applicability  of  the 
analysis  depends  on  the  size  of  the  crack-tip  plastic  zone  m  relation  to  the  size  of  the  crack  and 
other  planar  dimensions  of  the  body.,  More  specific  information  will  be  needed  for  this  determina¬ 
tion..  Many  attempts  are  being  made  to  incorporate  the  effect  of  crack-tip  plasticity  into  the 
fracture  mechanics  analyses..  We  are  hopeful  that  rome  useful  results  will  emerge  soon. 

With  regard  to  the  effect  of  exposure  time  on  measured  Kiacc  values,  what  parameter  was  used 
to  determine  that  the  stress-corrosion  process  was  not  in  operation  during  the  shorter  periods  of 
time?  Perhaps  a  fractographic  examination  of  a  broken  specimen  exposed  for  only  a  short  time 
would  indicate  that  stress-corrosion  cracking  is  a  problem  at  the  nominal  stress  intensity 
involved.  Were  the  test  specimens  involved  in  your  study  precracked  in  a.r  or  in  the 
environment  ? 

The  data  shown  in  Tables  I  and  II  of  our  paper  do  not  imply  that  stress  corrosion  was  not  taking 
place  at  the  shorter  tinn  s.  In  fact,  they  are  used  to  illustrate  the  dangers  involved  in  making 
such  an  assumption.  These  results  reflect  principally  the  effect  of  incubation  (defined  as  the 
period  in  which  the  rate  cf  crack  growth  much  less  th'n  10-6  inch  per  minute).  Both  displaee- 
ment-gage  measurements,  made  during  testing,,  and  post  fracture  examination  of  the  fracture 
surfaces  were  used  for  establishing  this  incubation  period., 

The  particular  specimens  used  in  these  studies  were  pre-crack ed  in  air,  althuugh  specimens  tor 
other  allojs  that  were  pre-cracked  :n  the  aggressr  e  environment  still  showed  intubation,  as  well 
as  h,e  otner  stages  of  crack  growth 
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In  what  materials  did  you  fatigue  precrack  in  the  presence  of  the  environment? 

The  materials  that  have  been  fatigue  pre-cracked  in  the  presence  of  environments  used  in  sub¬ 
sequent  stress  corrosion  cracking  studies  include  AISI  4340,  H-ll  and  18Ni  maraging  steels, 
and  high- strength  titanium  alloys. 


Current  Progress  in  the  Collaborative  Testing  Programme  of  the  Stress  Corrosion  Cracking 
(Fracture  Mechanics)  Working  Group,  presented  by  A.  h'..  Priest. 


While  not  wishing  to  disagree  with  your  interpretation  of  the  results  from  the  experiments  involv¬ 
ing  different  temperatures ,  it  would  be  unfortunate  if  it  was  thought  that  temperature  invariably 
had  no  effect  upon  stress-corrosion  cracking.  Indeed,  I  wonder  in  relation  to  the  results  in  this 
work  (coupled  with  the  doubts  that  begin  to  emerge  about  the  reproducibility  and  significance  of 
Klscc)  whetn^” .  had  measurements  of  crack  growth  rate  been  made  in  these  experiments  instead 
of  KisCC,  a  temperature  dependence  might  not  have  been  observed. 

I  agree  that  had  the  crack  growth  rates  been  measured  in  these  tests  a  systematic  variation  with 
temperature  would  have  been  observed.  Indeed  investigations  by  individual  laboratories  have 
shown  that  the  rate  of  crack  growth  displays  an  Arrhenius  type  of  relationship  with  temperature. 

It  does  not  follow,  however,  that  Klscc  values  will  show  a  similar  relationship  since  there  is 
evidence  that  these  depend  upon  the  formation  of  a  stretch  zone  at  the  crack  tip  which  is  likely 
to  be  governed  by  the  plastic  flow  properties  of  the  metal.  Such  properties  will  be  relatively 
independent  of  test  temperature  and  over  the  range  investigated  the  variation  of  Klscc  is  probably 
insignificant. 

A  more  thorough  investigation  of  this  type  of  factor  has  been  initiated  as  part  of  the  next  stage  of 
the  collaborative  programme.  I  disagree  strongly  with  Dr..  Parkins  (who  is  a  member  of  the 
Working  Group)  that  the  Kigcc  values  of  this  group  are  either  lacking  in  reproducibility  or  of 
doubtful  significance  If  evidence  could  be  produced  of  the  greater  reproducibility  of  any  other 
stress  corrosion  test  conducted  by  as  many  laboratories  I  should  believe  he  was  on  firmer  ground. 

When  one  bears  in  mind  that  the  results  from  the  collaborative  programme  were  conducted  on  so 
many  different  types  and  sizes  of  specimen  and  that  for  several  of  the  laboratories  this  was  their 
first  experience  of  this  type  of  test,  the  results  of  the  collaborative  programme  are  remarkably 
consistent;  die  reproducibility  would  be  encouraging  if  only  one  laboratory  had  participated,  let 
alone  thirteen. 

If,  on  the  other  hand,  Dr  Parkins  is  referring  to  the  variation  of  Ki8CC  values  within  a  particular 
alloy  system  then  this  simply  illustrates  the  sensitivity  of  fracture  toughness  parameters  to  real 
metallurgical  effects.-  The  influence  of  inclusion  spacing  and  tensile  properties  on  Kiscc  values 
described  at  this  meeting  indicates  the  importance  of  this  type  of  factor  which  is  equal  to  that  of 
the  influence  of  surface  chemistry. 

I  do  not  wish  to  debate  the  significance  of  Kjscc  as  a  des.gn  parameter  in  this  reriy;  only  time 
and  experience  will  provide  the  answer.  It  is  interesting  to  note,  however,  that  at  the  1967  Stress 
Corrosion  Specialists  meeting  only  one  out  of  seven  papers  was  specifically  concerned  with 
fracture  mechanics,  at  the  1971  meeting  only  seven  out  of  twenty-one  were  not.  One  may  extrap¬ 
olate  from  there. 


The  Science  Committee  Conference  0n  the  Theory  of  Stress  Corrosion  Cracking  of  Alloys, 
presented  by  J .  C.  Scully 


It  would  he  interest. ng  to  know  whether  the  branching  of  the  crack  reported  in  yrur  last  slide  is 
attributable  to  microstructural  characteristics  of  the  material  (grain  boundaries,  etc.),  or  has 
to  be  explained  on  fracture  mechanics  grounds 

From  all  the  evidence  presented  by  Dr  Speidel  in  his  pajier  on  aluminum  alloys  and  from  other 
speakers  at  the  conference  it  does  seem  reasonable  to  conclude  that  crack  branching  is  controlled 
by  considerations  of  fracture  mechanics..  This  is  also  the  conclusion  drawn  in  my  own  work  on 
austenitic  stainless  steels.  By  branching  I  mean  a  bifurcation  followed  by  the  propagation  of  both 
new  fronts..  It  is  also  possible  to  obtain  a  semblance  of  branching  in  situations  where  some 
metallurgical  feature  is  highly  reactive  but  in  such  cases  the  main  crack  has  many  short  digres¬ 
sions.  That  is  quite  a  different  ease. 


Measuring  the  Degree  of  Conjoint  Action  Between  Stress  and  Corrosion  in  Stress  Corrosion, 
presented  by  F.  II,  C  wks. 


Did  sour  comments  about  titanium  6A1-4V  alloy  imply  an  intergranular  failure  mechanism  for 
this  alloy ? 
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No.  The  results  of  the  precorrosion  test  procedure  shows  that  there  is  a  very  long  initiation 
stage  which  is  not  accelerated  by  the  application  of  stress.  This  method  does  not,  however, 
give  information  on  the  mechanism  responsible  for  this  initiation  stage..  Such  information  has 
to  be  obtained  by  other  means,  e.  g. ,  metallography. 

In  your  description  of  the  effect  of  surface  preparation  on  the  initiation- non- stressed  condition 
you  indicate  that  grain  deformation  is  the  primary  cause  of  time  effects.  Dr.,  F.  Mansfield  of 
our  laboratory  has  shown  a  large  effect  on  the  pitting  potential  for  various  surface  preparations 
of  aluminum  alloy  7049  in  various  heat- treatment  conditions.  I  suggest  that  many  changes  take 
place  at  the  surface  to  change  this  "initiation"  stage. 

Undoubtedly  there  will  be  found  to  be  many  different  explanations  of  precorrosion  effects  which 
may  be  observed  in  different  alloys  and  environments.  In  the  case  of  alloys  which  crack  inter- 
granularly,  however,  it  seems  reasonable  to  expect  machining  or  shot-peening  treatments  to  have 
a  large  effect  on  the  initiation  period.  This  is  so  because  such  treatments  disrupt  the  grain 
boundary  structure  at  the  surface,  and  this  layer  of  disruption  must  be  penetrated  by  normal 
corrosion  processes  before  stress  corrosion  can  begin.  There  may,  as  you  point  out,  be  other 
processes  occurring  during  the  stress  corrosion  initiation  period  as  well.  Regardless  of  the 
cause  of  the  initiation  period,  however ,  the  precorrosion  testing  method  I  described  provides  a 
quantitative  means  for  measuring  how  important  this  stage  is  in  the  overall  failure  process. 


Stress  Corrosion  Testing  of  Welded  Joints,  presented  by  T.  G.  Gooch.. 


In  your  testing  of  welded  joints,  how  do  you  account  for  the  effect  of  residual  stresses  ?  How  can 
you  report  stress-corrosion  threshold  values  if  you  do  not  know  the  applied  stress? 

The  question  of  residual  welding  stresses  must  be  considered  in  relation  to  both  laboratory  test¬ 
ing  and  service.  Once  3-point  bend  specimens  are  machined  from  a  weld  for  see  testing,  tensile 
residua'  stresses  will  be  largely  relieved.  Thus  experimental  derivation  of  Kjgcc  ignores  their 
contribution  to  the  applied  stress..  However,  unless  there  has  been  an  effective  stress  relief 
treatment,  residual  stresses  will  constitute  a  significant  addition  to  service  loading.  It  may  be 
difficult  to  establish  precisely  what  residual  stress  exists,  and  a  conservative  approximation 
must  be  made.  This  should  allow  for  local  stress  concentrations  and  joint  geometry..  For 
example,  transverse  to  a  weld,  the  stresses  will  normally  be  of  the  order  of  parent  material 
y.eld  stress..  Along  a  weld  they  may  be  determined  by  the  weld  metal  yield  stress..  In  the 
linear  elastic  regime,  it  may  be  possible  to  determine  the  total  acting  K  level  by  superimposing 
the  contributions  from  residual  and  service  stresses..  This  is  comparable  to  the  general 
yielding  situation  of  adopting  an  additive  strain  approach  to  obtain  a  resultant  total  strain.  In 
both  cases,  fi  should  be  possible  to  assess  service  performance  in  the  light  of  NDT  sensitivity. 
However,  considerably  more  work  is  required  before  the  effects  of  residual  stresses  can  be 
fully  defineo. 


Scicening  Tests  of  Susceptibility  to  Stress  Corrosion  Cracking,  presented  by  G.  J.  Biefer., 


In  our  laboratory  we  have  recently  studied  cathodic  protection  of  18Ni(200)  maraging  and  HY140 
steels  in  actual  sea  water.  No  hydrogen  embrittlement  was  noted  at  three  times  the  current 
densities  required  for  protection,-  This  has  been  attributed  to  the  formation  of  a  calcareous  de¬ 
posit  on  the  surface  which  minimizes  hydrogen  pick-up..  However,  if  hydrogen  sulphide  is  pre¬ 
sent  cracking  will  occur  very  readily. 

Your  statement  suggests  tha*  the  deliberate  formation  of  a  calcareous  deposit  would  be  a  means 
cf  preventing  hydrogen  embrittlement  cracking.  However,  in  most  service  conditions,  the  for¬ 
mation  and  maintenance  of  a  protective  calcareous  deposit  on  an  immersed  steel  structure  would 
not  be  practical. 


Stress  Corrosion  Testing  of  Titanium  Alloys,  presented  by  S  J..  Ketcham. 


Low-stressed  welds  commonly  show  some  creep  of  room  temperature.  Did  you  observe  a 
correlation  between  the  lifetiYne  of  test  pieces  taken  from  weld  joints  and  the  holding  time  from 
fabrication  and  loading  of  the  C-ring  to  the  introduction  of  the  corrosive  environment? 

The  precracked  and  double  edge  notched  tensile  sjiecimens  fabricated  from  the  weldments  were 
tested  under  dead  load  so  stress  relaxation  rl".  -  x  room  temperature  creep  should  not  be  a  factor. 
This  may  have  occurred,  however,  with  the  4-point  loaded  bend  specimens.  Room  temperature 
creep  may  also  account  for  the  fact  that  the  notched  C-nngs  either  failed  within  30  minutes  or 
not  at  all.-  The  C-rings,  ineidentallv,  were  loaded  in  the  corrosive  environment 


Factors  Influencing  Threshold  Stress  Intensity  Values  and  Crack  Propagation  Halt  s  During  Stress 
Corrosion  Cracking  Tests  at  High-Strength  Steels,  presented  by  I’..  Melntv  re. 
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In  your  report  you  indicate  Kiscc  values  obtained  on  steels  heat  treated  at  600°C.  Such  materials 
are  characterized  by  very  high  toughness  values  so  that  very  thick  specimens  are  required  to 
meet  plane  strain  conditions..  How  did  you  conduct  your  tests?  What  were  the  dimensions  of 
your  specimens?  How  did  you  overcome  the  difficulties  associated  with  testing  very  thick 
specimens? 

Dr.  DeSantis  questions  the  validity  of  our  Kxs0C  values  for  steels  temperated  at  600°C  on  the 
grounds  thrt  the  specimens  would  not  meet  the  specimen  size  criterion  that  the  thicknesses,  B, 
must  exceed: 


'  \vieid  stress 

I  believe  he  has  come  to  this  false  impression  for  the  following  reasons:: 

(1)  He  has  inserted  Kjc  values  in  the  expression  to  calculate  B  values  where  he  should 
have  used  Kiscc  values. 

(2)  He  has  assumed  that  the  steels  we  are  investigating  have  carbon  levels  in  the  region 
of  0.2%  when  in  fact  they  are  0.4%  carbon  low  alloy  steels  and  therefore  possess  high 
yield  strengths. 

A  typical  Kiscc  value  of  such  steels  after  tempering  at  600°C  is  40  ksi/in. .  and  a  typical  0. 2% 
proof  stress  is  200  ksi. 


Inserting  these  values  in  the  expression, 


B  = 


=  0.1  in. 


Tne  specimens  we  used  were  0.394  in.  square  which  is  well  in  excess  of  the  above  minimum  size 
requirement. 


Influence  of  Test  Method  on  Stress  Corrosion  Behavior  of  Aluminum  Alloys  in  Sea  Water,  pre¬ 
sented  by  G.  J.  Danek. 


In  the  work  presented,  alloys  of  6000- type  are  included  in  those  wrought  products  which  were 
subjected  to  stress-corrosion  testing..  Also  for  these  alloys  Kiscc  values  are  given..  I  have  never 
found  "true"  stress-corrosion  failures  in  alloys  of  the  Al-Mg-Si  system  but  only  stress-accelerated 
corrosion  phenomena.  Is  it  correct  to  assume  that  Kiscc  values  are  actually  representative  of 
stress-corrosion  resistance  for  such  alloys? 

In  using  Kiscc  to  describe  the  threshold  stress  intensity  value  for  6061-T652  tested  in  seawater, 
it  is  not  intended  to  imply  that  the  alloy  is  susceptible  to  stress  corrosion  cracking  in  the  tradi¬ 
tional  sense.  The  term  stress  corrosion  cracking  has  been  traditionally  defined  as  intergranular 
cracking  in  an  environment..  But  with  a  fatigue  crack  it  is  possible  for  the  specimen  to  fail  without 
such  de  velopment  of  intergranular  cracking.  Slight  lowering  of  the  K  value  for  6061-T652  may  be 
due  to  other  effects  such  as  creep  or  lowering  of  surface  energy  by  adsorption  of  impurities  to 
facilitate  crack  propagation.. 


Stress  Corrosion  Cracking  of  Martensitic  Precipitation  Hardening  Stainless  Steels,  presented 
by  M.  Henthorne.. 


In  the  case  of  intergrar'ilar  corrosion  what  is  the  value  to  be  assigned  to  KigCC  when  it  is  deter¬ 
mined  by  introducing  a  fatigue  precrack  which  is  transgranular  ?  How  will  this  transgranular 
crack  propagate  in  the  corrosive  medium  where  we  normally  have  intergranular  corrosion 
cracking? 

The  question  raised  by  Mr.  Merklen  is  an  interesting  one  and  is  of  course  applicable  to  precracked 
specimens  in  general  and  not  just  my  presentation.  I  suspect  that  in  most  cases,  a  transgranular 
fatigue  crack  is  not  much  of  a  hindrance  to  intergranular  stress  corrosion  cracking  for  at  least 
two  reasons.  First, I  believe  a  prime  function  of  the  precrack  is  to  serve  as  a  crevice  and  it 
does  this  independent  of  crack  path.  Secondly,  in  a  commercial  alloy  and  a  typical  precracked 
specimen,  the  fatigue  crack  front  will  cross  about,  1000  grain  boundaries.  It  therefore  seems 
very  probable  that  at  many  points  along  the  erack  front  the  stress  conditions  will  be  quite  favorable 
for  a  change  in  crack  path  if  there  is  any  electrochemical  impetus  to  do  so,,  In  stress  intensity 
situations  close  to  Kiscc  then  differences  between  the  fatigue  crack  path  and  stress  corrosion  mode 
may  be  more  significant  -  a  p  ssibihty  supported  by  the  papers  (this  volume)  by  Priest  and 
McIntyre, 

Dr..  Henthorne  projiosed  a  hydrogen  embrittlement  mechanism  for  stress-corrosion  cracking  of 
pH  steels  with  hydrogen  produced  by  the  corrosion  reaction.  I  feel  that  measurements  of  pH  at 
the  crack  tip  and  at  some  distance  from  the  crack  tip  indicate  ar.odic  dissolution  continuously  occurs 
at  the  crack  up  with  the  cathodic  reaction  occurring  at  a  finite  distance  from  the  crack  tip.  Protons 
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No..  The  results  of  the  precorrosion  test  procedure  shows  that  there  is  a  very  long  initiation 
stage  which  is  not  accelerated  by  the  application  of  stress..  This  method  does  not,  however, 
give  information  on  the  mechanism  responsible  for  this  initiation  stage..  Such  information  has 
to  be  obtained  by  other  means,  e.  g. ,  metallography.. 

In  your  description  of  the  effect  of  surface  preparation  on  the  imtiation-non-stressed  condition 
you  indicate  that  grain  deformation  is  the  primary  cause  of  time  effects..  Dr..  F.:  Mansfield  of 
our  laboratory  has  shown  a  large  effect  on  the  pitting  potential  for  various  surface  preparations 
of  aluminum  alloy  7049  in  various  heat- treatment  conditions.  I  suggest  that  many  changes  take 
place  at  the  surface  to  change  this  "initiation"  stage. 

Undoubtedly  there  will  be  found  to  be  many  different  explanations  of  precorrosion  effects  which 
may  be  observed  in  different  alloys  and  environments.  In  the  case  of  alloys  which  crack  inler- 
granularly,  however,  it  seems  reasonable  to  expect  machining  or  shot-peemng  treatments  to  have 
a  large  effect  on  the  initiation  period.  This  is  so  because  such  treatments  disrupt  the  grain 
boundary  structure  at  the  surface,  and  this  layer  of  disruption  must  be  penetrated  by  normal 
corrosion  processes  before  stress  corrosion  can  begin.  There  may,  as  you  point  out,  be  other 
processes  occurring  during  the  stress  corrosion  initiation  period  as  well.  Regardless  of  the 
cause  of  the  initiation  period,  however,  the  precorrosion  testing  method  I  described  provides  a 
quantitative  means  for  measuring  how  important  this  stage  is  in  the  overall  failure  process. 


.**•  css  Corrosion  Testing  of  Welded  Joints,  presented  by  T.  G..  Gooch. 


In  your  testing  of  welded  joints,  how  do  you  account  for  the  effect  of  residual  stresses?  How  can 
you  report  stress-corrosion  threshold  values  if  you  do  not  know  the  applied  stress? 

The  question  of  residual  welding  stresses  must  be  considered  in  relation  to  both  laboratory  test¬ 
ing  and  service..  Once  3-point  bend  specimens  are  machined  from  a  weld  for  see  testing,  tensile 
residual  stresses  will  be  largely  relieved..  Thus  experimental  derivation  of  KxsCC  ignores  their 
contribution  to  the  applied  stress.  However,  unless  there  has  been  an  effective  stress  relief 
treatment,  residual  stresses  will  constitute  a  significant  addition  to  service  loading.  It  may  be 
difficult  to  establish  precisely  what  residual  stress  exists,  and  a  conservative  approximation 
must  be  made.  This  should  allow  for  local  stress  concentrations  and  joint  geometry.  For 
example,  transverse  to  a  weld,  the  stresses  will  normally  be  of  the  order  of  parent  material 
yield  stress.  Along  a  weld  they  may  be  determined  by  the  weld  metal  yield  stress.  In  the 
linear  elastic  regime,  it  may  be  possible  to  determine  the  total  acting  K  level  by  superimposing 
the  contributions  from  residual  and  service  stresses.  This  is  comparable  to  the  general 
yielding  situation  of  adopting  an  additive  strain  approach  to  obtain  a  resultant  total  strain.  In 
both  cases,  it  should  be  possible  to  assess  service  performance  in  the  light  of  NDT  sensitivity. 
However,  considerably  mce  work  is  required  before  the  effects  of  residual  stresses  can  be 
fully  defined. 


Screening  Tests  of  Susceptibility  tc  Stress  Corrosion  Cracking,  presented  by  G..  J.  Biefer. 


In  our  laboratory  we  have  recently  studied  cathodic  protection  of  13Ni(200)  n.aragmg  and  HY140 
steels  in  actual  sea  water.  No  hydrogen  embrittlement  was  noted  at  three  times  the  current 
densities  lequired  for  protection.  This  has  been  attributed  to  the  formation  of  a  calcareous  de¬ 
posit  on  the  surface  which  minimizes  hydrogen  pick-up.  However,  if  hydrogen  sulphide  is  pre¬ 
sent  cracking  will  occur  very  readily. 

Your  statement  suggests  that  the  deliberate  formation  of  a  calcareous  deposit  would  be  a  means 
of  preventing  hydrogen  embrittlement  cracking.  However,  in  most  service  conditions,  the  for¬ 
mation  and  maintenance  of  a  protective  calcareous  deposit  on  an  immersed  steel  structure  would 
not  be  practical. 


Stress  Corrosion  Testing  of  Titanium  Alloys,  presented  by  S.  J..  Ketcham. 


Low-stressed  welds  commonly  show  some  creep  of  room  temperature.  Did  you  observe  a 
correlation  between  the  lifetiVne  of  test  pieces  taken  from  weld  joints  and  the  holding  time  from 
fabrication  and  loading  of  the  C-rmg  to  the  introduction  of  the  corrosive  environment? 

The  precracked  and  double  edge  notched  tensile  specimens  fabricated  from  the  weldments  were 
tested  under  dead  load  so  stress  relaxation  due  to  room  temperature  creep  should  not  be  a  factor. 
This  may  have  occurred,  however,  with  the  4-point  loaded  bend  specimens.  Room  temperature 
creep  may  also  account  for  the  fact  that  the  notched  C-rings  either  failed  within  30  minutes  or 
not  at  all.  The  C- rings,  incidentally,  were  loaded  in  the  corrosive  cm  ironment 


Factors  influencing  Tnreshold  Stress  Intensity  Values  and  Crack  i’ropagation  Rates  During  Stress 
Corrosion  Cracking  Tests  at  High-Strength  Steels,  presented  by  V  Mclnty  ri 
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produced  during  hydrolysis  of  the  anodic  reaction  products  must  diffuse  away  from  the  crack  tip 
before  they  are  reduced  to  hydrogen  atoms.  The  hydrogen  atoms  can  then  be  absorbed  and 
diffuse  to  the  crack  tip  region.;  However,  the  fact  that  anodic  dissolution  continuously  occurs  at 
the  crack  tip  indicates  crack  propagation  is  at  least  partially  by  an  anodice  dissolution  mechanism. 

Anodic  dissolution  is  essential  for  crack  propagation  since,  as  Dr.  Davis  notes,  it  indirectly 
produces  the  hydrogen.  I  agree  that  anodic  dissolution  probably  does  move  the  crack  forward 
finite  amounts  but  suspect  this  is  minor  propagation  compared  to  that  resulting  from  hydrogen 
beyond  the  crack  tip.  Much  of  the  anodic  reaction  will  occur  on  the  walls  close  to  the  crack  front 
as  noted  by  Dr.  Davis.  In  the  absence  of  hydrogen  to  propagate  the  crack  I  believe  either  stifling 
of  the  corrosion  reaction  or  lateral  growth  (i.e. ,  pitting)  will  occur.  Of  course  in  other  systems, 
e.g. ,  mild  steel  in  nitrates,  I  believe  anodic  dissolution  plays  a  major  role  in  moving  the  crack 
forward. 


Microscopic  identification  of  Stress  Corrosion  Cracking  in  Steels  With  High-Yield  Strength, 
presented  by  E.  H.  Phelps. 


Work  at  The  Welding  Institute  on  transformable  steels  has  shown  failure  mode  to  depend  on  both 
material  microstructure  and  susceptibility,  and  on  applied  stress  intensity..  With  increasing  sus¬ 
ceptibility  or  decreasing  stress  intensity,  there  is  a  transition  from  ductile  to  cleavage  to  inter¬ 
granular  failure.  Mixed  mode  failure  is  common.  A  twinned  martensitic  structure  has  been 
found  to  be  most  susceptible  to  hydrogen  induced  stress  corrosion,  and  this  microstructure  is 
particularly  associated  wdth  intergranular  failure..  Results  obtained  appear  consistent  with 
Dr.  Phelp's  data. 


Preliminary  Report  on  the  Research  on  the  Influence  of  Thermomechanical  Treatments  on  Stress 
Corrosion  Cracking  Behavior  of  AISI  4340  Steel,  presented  by  R.  DeSantis. 


Don't  you  suppose  that  the  variation  in  hardness  is  analogous  to  that  observed  with  numerous 
alloys  stretched  in  the  course  of  a  tensile  test.  I  think  that  ibis  is  a  type  of  Bauschinger  effect 
related  to  the  stability  of  dislocation  pile-ups  corresponding  to  deformations  and  residual  quench¬ 
ing  stresses  which  are  on  the  scale  of  grains  and  precipitates.. 

The  possibility  of  the  intervention  of  a  phenomenon  similar  to  the  Bauschinger  effect  to  explain 
the  variation  in  hardness  of  the  steels  has  been  considered..  We  must  however  point  out  that  the 
I  '-enomenon  occurs  not  only  in  straining  the  metal  in  compression  (as  is  typical  for  the  Bausching  er 
e  'feet)  but  also  in  straining  in  tension.  It  occurs  also  only  on  heat  treatable  steels  tempered  at  low 
temperature  without  any  prior  mechanical  hardening  process.  We  agree  howeve '  that  the 
decrease  in  hardness  is  related  to  the  distribution  of  the  dislocations  in  the  material.- 


